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ABSTRACT 
In the cause of the increasing need for miniaturisation of devices, a more sophisticated nano-
manufacturing technique of component was rummage around for, which has led to the adoption 
of atomic layer deposition (ALD) technique due to its competency of accomplishing superb 
uniformity, conformality, pinhole-free and ultra-thinness. In this dissertation, the ALD process 
within the cavity and surface of substrate trench was studied numerically with the intent to 
optimise the deposition process while formulating suitable ALD recipe. In the cause of 
optimising the process of an atomic layer deposition (ALD) for trenched substrate, a numerical 
model was presented, and two-dimensional simulations of the ALD process of substrate 
trenches in an arbitrary reactor were performed. Here, the deposition of aluminium oxide 
(Al2O3) was illustrated with trimethylaluminum (TMA) and ozone (O3) precursors as 
Aluminum (Al) and oxygen (O2) sources respectively while inert argon was used as purging 
gas in an arbitrary reactor.  The flow is similar to a typical top-to-bottom type ALD reactor. 
The gases are assumed to enter at an inlet temperature of 150°C while the substrate, reactor 
walls and outlet temperature of 250°C is used. The TMA and O3 precursors are both pulsed 
separately, according to the sequence, into the reactor at 0.085 m/s for 0.2 and 1 second, 
respectively. While inert-purge gas (Ar) is used to purge the reactor domain at 0.17 m/s for 5 
seconds between the pulse and exposure times. For this work the ALD sequence follows in a 
pulse-exposure-purge-exposure-pulse-exposure-purge manner to form a complete ALD cycle. 
After the reactive and inert-gases have flown and penetrated into the trenched substrate the 
excess and by-products are then exhausted past the edges of the trenched substrate towards the 
outlet of the reactor. The reactor flow domain is meshed into 67023 nodes. The ALD process 
within the arbitrary reactor is investigated by numerical simulating the reactor using 
computational fluid dynamics (CFD) within commercial software packages ANSYS FLUENT 
and CHEMKINPRO. This transient process is implemented by the coupled algorithm approach 
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to solve for the pressure-velocity coupling of the mass, momentum, energy and species 
transport. The governing equations are temporally and spatially discretized making use of first-
order implicit and second-order upwind schemes, respectively. The transport equation source 
term is linearized. 
The exposure time introduction over the micro-trenches is investigated This study involves the 
top-to-bottom inflow type ALD reactor assuming a two-dimensional simulation. Al2O3 thin-
film is deposited on a trenched substrate with a 2:1 aspect ratio utilizing Trimethyl-Aluminium 
and Ozone as the metal and oxygen source precursors. The results indicated the influence of 
an ALD process having zero, 2.5, and 5 seconds exposure time. The mass fraction, fluid flow, 
deposition rate and growth rate is investigated along the various exposure times. 
 
This study numerically investigating the effect of exposure time between one and 10 torr 
operating pressure in the ALD process using the computational fluid dynamic approach. A two-
dimensional numerical simulation of the Al2O3 ALD thin film fabrication process over a 
surface with micro-trenches on a substrate is studied. Trimethyl-Aluminium and Ozone were 
utilized as the metal and oxidation source reactants. a 2.5 seconds exposure time is added within 
the ALD sequence with operating pressures one and 10 torr. The findings illustrated the fluid 
flow velocity, mass fraction, and growth of the thin-film process. 
The investigations presented in this dissertation provide indispensable information and 
realization in the identification and understanding of process factors influence on the ALD 
transient process. 
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Chapter 1  
INTRODUCTION OF ATOMIC LAYER DEPOSITION 
1 Introduction 
This chapter briefly discusses the overview of Atomic Layer Deposition (ALD), highlighting 
the aspects of vital importance to the emergence of the technique in nanofilm deposition. An 
ALD background, problem statement, goals, scope, hypothesis and significance of this research 
are presented with a detailed description in this section. 
1.1 Background 
It has been a quenchless quest to obtain a film fabricated with the utmost control over film 
thickness, uniformity, and conformality over complex topography. Recently, the 
nanotechnology industry has become aware of the relevance of the nano-fabrication process 
called Atomic Layer Deposition (ALD) as a result of the technique potency to synthesize 
transition metals and metal oxides nano-film with desired features. ALD is an advanced 
chemical vapour deposition (CVD) modification involving the deposition of a thin film on 
substrate surfaces via heterogeneous self-inhibiting surface reaction (Dönmez, 2013). 
Significant interests in ALD have been developed by the academics and industry as a viable 
technique to realize the miniaturization of devices (Kleijn et al., 2007, Lin et al., 2009, Madou, 
2011). The exceptional features of the technology influences specific characteristics of 
materials used in the manufacture of semiconductors, solar cells, fuel cells, among others, 
renders it of significant value for the perpetual improvements of these and future products. 
The principle of ALD was presented in the 1960s by Prof Aleskovskii and the technique is 
referred to as molecular layering (ML) (Shevjakov et al., 1965). However, ALD was broadly 
pioneered to the world by Dr Suntola and his colleagues in the 1970s with the technique called 
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atomic layer epitaxy (ALE). The earliest record of successful application of the technique was 
in thin film electroluminescent (TFEL) flat panel displays for zinc sulphide deposition and the 
manufacture of the device started in the 1980s (Suntola and Antson, 1977, Dönmez, 2013). The 
first use of TFEL flat panel display was in 1983 reported at Helsinki Airport, Finland (Dönmez, 
2013). Furthermore, ALD study was presented from Philips Research laboratory, Eindhoven, 
Netherlands by De Keijser and Van Opdorp in 1991 exploiting atomic layer epitaxy enhanced 
with induced plasma in gallium arsenide deposition (De Keijser and Van Opdorp, 1991, 
Dönmez, 2013). Over the long stretch of ALD history, the technique has been recognized by 
various names to accentuate of the unique process. Listed in Table 1.1 are the most familiar 
names ALD have been previously called. 
Table 1.1: Other associated names of ALD modified from  (Puurunen, 2005, Ritala and 
Leskelä, 2002, Dönmez, 2013). 
Name Acronym 
Atomic layer chemical vapour deposition ALCVD 
Atomic layer deposition ALD 
Atomic layer epitaxy ALE 
Atomic layer evaporation ALE 
Atomic layer growth ALG 
Chemical assembly  
Digital layer epitaxy DLE 
Molecular deposition  
Molecular lamination  
Molecular layer epitaxy MLE 
Molecular layering ML 
Molecular Stratification  
Pulsed beam chemical vapour deposition  
Successive layerwise chemisorption  
Sequential surface chemical reaction growth  
 
In spite all the several names listed in the Table 1.1, the technique is most commonly named 
ALD in recent times. 
Due to the unique ALD process, features such as film growth thickness, uniformity, 
conformality, and pinhole-free film can be controlled over surfaces of intricate topography, 
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further component shrinkage seems more achievable (Coetzee et al., 2018). As the electronic 
components decrease in size, the need to fundamentally understand the fabrication process of 
the ultra-thin film becomes of great importance. This is especially of significance with 
components with complex geometrical features, such as those with trenches and holes, which 
may influence the quality of the end film product. Deposition is known to occur more rapidly 
at the flat surface and gradually in the trenches as a result of a swift reaction at the flat surface. 
However, it was suggested that sufficient time is required to allow the diffusion of precursors 
into the trenches and subsequent gradual saturation of the trench surface (Gordon et al., 2003). 
Additionally, the presence of trenches basically suggests further time may be necessary for 
transport into and out of the trenches. This addition depends momentously on the aspect ratio 
and surface area (Prechtl et al., 2003). 
1.2 Problem Statement 
Notwithstanding the extensive acknowledgement of ALD over the years as a key enabling 
nano-manufacturing technique with the capacity to deposit ultra-thin films on complex 
structures with outstanding uniformity and conformity on surface geometry. The limitation in 
the sustainability of the ALD process particularly at the industrial level has been reported 
(Haukka, 2007, Pan, 2016). Due to the fact that the ALD process is a single atomic layer growth 
per cycle system, the challenge of low material deposition efficiency or throughput remains a 
critical dilemma with the ALD community (Van Delft et al., 2012). Furthermore, the 
deleterious effect of the aluminum oxide (Al2O3) ALD technique on the environment have been 
reported. For instance, the Trimethyl-Aluminum (TMA) used as reactant is highly flammable 
and toxic which can cause awful injury to the operator when exposed to TMA for a brief period 
(Pan, 2016, Yuan and Dornfeld, 2010). The emissions of the unreacted TMA are purged out of 
the ALD system and could endanger public health and the environment. Due to the widespread 
application of the ALD technology particularly in the industrial sectors, it became imperative 
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to seek ways of improving the ALD technology sustainability performance. 
As necessity for miniaturization of devices is rapidly intensifying in the electronics 
manufacturing industry, electronic components are reduced in size. Despite the favourable 
advantages that accompany the miniaturized components, the fabricated materials of the 
components also may come with some defects which can contribute to poor durability and 
performance of the devices. A typical example of such component is the Dynamic Random-
Access Memory (DRAM) which requires deposition of uniform, conformal and pinhole free 
ultrathin film material on the intricate surface structure including the trench surface. During 
the manufacture of these components, appropriate thin film deposition is required. However, 
the inconsistency in the deposition of the thin film may result in the defect of the device. The 
ALD being a suitable fabrication technique, the deposition process within and on the trenches 
have not yet been extensively studied, and there has been very little information provided about 
the deposition on trenches. For this reason, this research aims to further understand and 
improve the deposition process on trenches. The deposition efficiency of the ALD process is 
affected by factors such as temperature, precursor dosage, exposure time, process pressure and 
purge time. The appropriate selection of these process parameters is critical and impacts the 
entire ALD deposition process vitally (Lankhorst et al., 2007). This study therefore seeks to 
address issues raised for improvement of the ALD process through simulation. 
1.3 Aim and Objectives 
This research is aimed at the simulation and optimization of ALD process of Al2O3 on substrate 
trench in a two-dimension arbitrary reactor. 
The aim of this research was achieved through the following objectives: 
i. The design of the reactor and substrate with trenches; 
ii. The numerical modelling of the ALD process within the designed reactor; 
iii. Examination of temperature effect within the simulated ALD process over micro-
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trenches 
iv. Investigation of exposure time influence within the simulated ALD process over the 
micro-trenches; 
v. The evaluation of exposure time influence within the simulated ALD process with 
operating pressure over micro-trenches; and 
vi. Comparative analysis of the simulated processes with previous studies. 
1.4 Definitions and Delimitations 
1.4.1 Definitions 
This research numerically investigates the Al2O3 ALD process over micro-trenched substrate. 
ALD is a known nano-manufacturing technique which offers the deposition of quality thin 
films with specific features. Despite the technique capacity, further information and 
understanding contribution towards the improvement of the process can be provided. 
1.4.2 Delimitations 
This study concentrates on the simulation of ALD process of Al2O3 on trenched substrate. The 
ALD recipe however in this research incorporates and investigates exposure time introduction 
with the presumption that a more desired deposition can be achieved. Also, further 
investigation focuses on the effect of operating pressure with exposure time introduced ALD 
process over trenched substrate.  This involves the numerical modelling of the process and by 
doing so, the behaviour of the process can be predicted. These observed phenomena can be put 
into consideration in the application of ALD. 
1.5 Hypothesis 
The ALD process of Al2O3 on trench surface is simulated with trimethylaluminum (TMA) and 
ozone (O3) as the metal and oxygen source. With the investigation of exposure time 
introduction and as well as the influence of the operating pressure over the process, the findings 
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from the study will advance the understanding of ALD process of materials on surfaces with 
complex structures. This research is anticipated to escalate the scientific and technological 
knowledge on the parameters to deliver quality deposition on surfaces with intricate geometry. 
This research strengthens and validate the resolve to fully adopt ALD as ideal fabrication 
technique for thin films in devices. 
1.6 Research Significance 
This research is significant in the fields such as clean energy conversion and storage, 
microelectronics, biomedical, nanomaterials, optical and electroluminescent display, 
environmental sustainability. Henceforward, it is observed that the need to deposit conformal, 
uniform, pinhole free thin film into tiny and deep structures such as trenches and nanopores as 
well as material development is rapidly escalating. The necessity to seek out suitable nano-
manufacturing technique as well as understanding and optimizing the technique cannot be over 
emphasized. By successfully understanding and improving the ALD process of thin film on 
substrate trenches and pores, this research shall provide further knowledge of the limitations of 
non-conformity, non-uniformity, uncontrolled thickness, pinhole and feeble step-coverage on 
substrate trenches in the real life ALD process. This consequently gives the advantage over the 
process to enhances the performance and durability of end products. 
Globally, the applications of fuel and solar cell technology are rapidly growing and researched 
on. The development of the technology is inspired vastly as a result of increased consumption 
and potential depletion of the conventional sources of energy which are mostly not of 
renewable sources. It is only logical to use of renewable energy source in the effort to realize 
clean and sustainable energy around the world. There have been several attempts to harness 
solar energy and exploit the conversion of chemical to electrical energy, this has motivated a 
great deal of study on the optimization of process parameters to achieve clean energy 
conversion. Microelectronic and semiconductor on the other hand, are the most used electrical 
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components and constantly require fabrication improvements which mostly have influence on 
the durability and performance. However, the hindrance confronted by these technologies 
towards achieving optimum performance is mostly associated with the quality of deposition of 
both electrolyte as well as catalyst in fuel cell devices, semiconducting material in photovoltaic 
cell devices and semiconductors. The quality of the film deposition plays an important role in 
the performance of the devices; hence, the quality of the film is greatly influenced by the 
deposition technique. Qualities that have proven favorable towards improving performance of 
the devices are uniformity, conformality, compactness and ultra-thinness. 
The capability to synthesis ultra-thin film has rendered ALD a compelling solution to deposit 
uniform, conformal, pinhole free and high-quality materials over substrates with complex 
structures such as in semiconductors, biomedical, energy conversion and   storage   devices. 
Other thin film fabrication techniques such as evaporation, sputtering, and chemical   vapour 
depositions are now being competitively challenged by ALD to deliver its unique coating 
ability in and around three-dimensional objects in a highly consistent manner. However, 
despite the great advantage ALD has over other forms of film deposition, the reaction time is 
identified to be a major limitation as it takes longer to deliver the desired thickness which could 
in turn have effect on the productivity. The cycle duration of an ALD process is usually 
stretched as a result of purging time. Hence, it becomes imperative to comprehend the ALD 
process with detailed information to help proffer the solution to optimization of the process. 
1.7 Research Methodology 
This study is focused on the simulation and optimization of the ALD process within trench 
cavity and on the trench surface. During this investigation, a two-dimensional simulation of 
the ALD process of Al2O3 on the substrate trenches in an arbitrary reactor is designed, meshed, 
modeled and simulated using computational fluid dynamics (CFD). In this study, the finite 
volume method (FVM) is adopted. ANSYS FLUENT and CHEMKIN PRO are employed for 
8 
 
the simulation of the ALD process and the chemistry respectively. The optimization of the 
ALD process involves the determination of the most suitable parameters such as temperature, 
purge time, flow orientation as well as exposure time that best deliver the desired quality 
deposition on trench or pore surface. ANSYS POST-PROCESSING is used to analyze the data 
generated from the simulation. Subsequently after the simulations, parametric assessment was 
performed to formulate optimized process. Finally, a comparative analysis is conducted on the 
simulated and the established ALD processes. 
1.8 Dissertation Outline 
Chapter 1: Introduction entails detailed background to the study, identification of problem 
associated to the domain of this study, the research goals, postulated impact of the investigation 
for both academia and industrial applications as well as the scope and significance of the 
research. 
Chapter 2: Literature review describes the related thin film deposition methods and their mode 
of operation. The parameter, condition and process requirements of the ALD technique are 
expressed in this section along with the ALD applications and prior ALD investigations 
highlighting in detail the facts that are yet to be studied or resolved and dependable information 
essential to this investigation. 
Chapter 3: Methodology narrates the theoretical numerical model analysis accounting for the 
computational method, condition and governing equations adopted to simulate the ALD 
process. The simulation procedure and method setup observed in the course of the study are 
illuminated in this chapter. 
Chapter 4: Results and Discussions show and explain the details of the observation of data 
generated from the simulation. The cause and effect of certain events in the simulated ALD 
process are projected from which potential solutions can be deduced and established. 
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Chapter 5: Conclusion of this dissertation summarizes the presented observation and logical 
deduction of the discussed results hence providing arguments for the authenticity and impact 
of the study to the existing knowledge of the ALD process. Conclusion from the investigations 
were established and future research were suggested in the chapter. 
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Chapter 2  
LITERATURE REVIEW 
2 Introduction 
This chapter presents a review of the literature, on the outlooks associated with this research 
and discovery of the disparities to be bridged with this study. This literature describes in detail 
nanotechnology, nano-manufacturing, thin film deposition technique, and atomic layer 
deposition, classification and application of the techniques. 
2.1 Nanotechnology 
The continual change in the technological advancement and innovation have necessitated the 
need for miniaturisation of devices. Hence, this has led to the concept of nanotechnology, and 
it has found relevance in the improvement within the area of microelectronics (Bruus, 2004). 
Nanotechnology involves the fusing of several scientific fields which comprises engineering, 
physics, chemistry and biology. The comprehension and manipulation of matter can, however, 
better describe nanotechnology at the atomic or molecular level with the intention of achieving 
remarkable and desirable characteristics for the fabrication of innovative materials, devices and 
systems of various application (Bhagyaraj and Oluwafemi, 2018). 
The application such as in the field of energy which includes a photovoltaic system, fuel cell, 
batteries, hydrogen storage etc. In the area of microelectronics, such as semiconductor, 
superconductor, random-access memory (DRAM, SRAM and MRAM respectively), Micro 
and nanoelectromechanical systems (MEMS and NEMS), nano-sensor etc. The application can 
as well be found in biomedical fields like implants, tissue engineering, nanomedicine, 
biosensor, equipment and tool etc. Also, Nanotechnology is applicable in environmental 
sustainability ranging from purification membrane, radioactive waste containment, emission 
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control, nanocoating, material deterioration reduction etc. (Pan, 2016, Wang, 2009). The 
technology is also applicable in optical, display and electroluminescence field in the likes of 
the light emitting diode (LED), electronic paper, field emission displays (FED), carbon 
nanotube screens and electrochromatic screens. Nanotechnology involves developing materials 
in nanometer scale ranging from 1nm up to 100nm (Bruus, 2004). 
2.2 The Concept of Nanomanufacturing 
Nanotechnology has momentously drawn extensive attention in both academic and industrial 
world. Nanotechnology has so far exhibited powerful abilities to transform a lot of fields in the 
civilisation. The manufacturing system of the nanotechnology is referred to as 
nanomanufacturing. Nanomanufacturing is expressed as manufacturing technology through 
designing, synthesising, manipulating nanoscale materials with the prospect of inducing, 
influencing and exploiting favourable features to match the desired product output (Busnaina, 
2006, Pan, 2016). Nanomanufacturing technology has over the years, built up fascinating 
reputation in several studies and applications such as energy and environmental sustainability, 
microelectronics engineering and human health. 
Nanomanufacturing can, however, be categorised into two methods as shown in Table 2.1. The 
first method known as top-down is a subtractive process which involves scaling down by 
material removal to the anticipated nanoscale dimensions and the techniques employed in this 
method are lithography, etching and milling. The second method, bottom-up is an additive or 
forming process involves the fabrication of material at the atomic scale via growth or 
nucleation from solid, liquid or gas sources by means of physical or chemical process, and 
example of techniques in this category are vapour-phase, liquid-phase and self-assembly 
techniques (Şengül et al., 2008, Pan, 2016). 
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Table 2.1: Major nano-manufacturing techniques modified from (Pan, 2016, Şengül et al., 
2008). 
* denotes the trend of the focus in this study. 
Top-down 
techniques 
Lithography 
Conventional lithography • Photolithography • E-beam lithography 
Next-generation lithography 
• Immersion lithography 
• Lithography with lower 
wavelengths 
• Lithography with particles 
Nanoimprint lithography • Step-and-flash imprint lithography 
Soft lithography - 
Etching 
Wet etching - 
 
Dry etching 
• Reactive ion etching 
• Plasma etching 
• Sputtering 
Electrospinning - - 
Milling 
Mechanical milling - 
Cryomilling  - 
 Mechanochemical bonding -
 
 
*Bottom-
up 
techniques 
*Vapor-phase 
techniques 
*Deposition techniques 
• Vapor phase epitaxy 
• Chemical vapor deposition 
• Molecular beam epitaxy 
• *Atomic layer deposition 
• Pulsed laser deposition 
• Sputtering 
• Evaporation. 
Nanoparticle/nanostructured 
materials synthesis 
techniques 
• Evaporation 
• Laser ablation 
• Flame synthesis 
Liquid-phase 
techniques 
Precipitation - 
Sol-gel - 
Solvothermal synthesis - 
Sonochemical synthesis - 
Microwave irradiation - 
Reverse micelle - 
 
Self-assembly 
techniques 
Electrostatic self-assembly - 
Self-assembled monolayers - 
Langmuir-Blodgett 
formation 
 
- 
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2.3 Film Deposition Technique 
Thin film deposition has gained a significant role in the advancement in the fabrication of 
materials and devices in the areas of optical coating, electronic devices, energy generation and 
storage. The applications are very broad, to name a few such as light emitting diodes, 
semiconductors, solar cell, fuel cell, batteries, supercapacitor, etc. (Moorthy, 2015). Thin film 
deposition is as well applicable in medicine and pharmaceuticals industry (Marichy et al., 
2012). It is understood that superior properties could be realised in thin films rather than in 
bulk materials. Thin films are recognised to have a larger surface to volume ratio. Hence, it has 
been established that this allows flexible manipulation of the surface and near-surface 
properties of thin film materials to meet the desired criteria. In other words, the properties of 
the thin film usually are influenced by the thickness of the film which ranges from micrometre 
to nanometer, the nature of the substrate on which the films are deposited, and deposition 
methodology applied in the fabrication of thin films (Moorthy, 2015).  
Thin film fabrications are generally carried out by depositing the required material in the 
atomistic deposition (atom by atom) over the substrate necessary, which may result in either 
single crystalline, polycrystalline, or amorphous structure depending on the deposition 
conditions. Thin film technology has the potential to engineer various properties such as 
porosity, surface morphology, surface roughness, and crystallite size. These advantages in thin 
film assist in the development of new products and minimise waste as in the conventional 
manufacturing techniques. The growth of thin film-based solid state devices is an economical 
means to enhance the commercialisation of products. 
Thin films are fabricated via a thin film deposition technique. However, the thin film deposition 
can, therefore, be classified as displayed in Figure 2.1. The thin film deposition technique can 
be categorised based on the conditions of the deposition into physical vapour deposition (PVD) 
and chemical vapour deposition (CVD) (Moorthy, 2015). PVD is a vacuum deposition 
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technique which involves the vaporisation of the target material in its condensed phase to its 
vapour phase to form condensed phase thin film or coating by means of either thermal or 
athermal process. Thermal process involves the vaporization of source material by evaporation 
or sublimation with application of thermal energy from resistive heating or high energy electron 
beam while athermal process involves the vaporization of source material by bombarding with 
accelerated gaseous ion to knock off the surface atom. CVD involves the chemical reactions of 
the gas phase of target materials over a substrate during the deposition process to produce thin 
films (Moorthy, 2015). 
 
Figure 2.1: Thin film deposition technique classification modified from (Moorthy, 2015). 
2.3.1 Physical Vapour Deposition (PVD) 
PVD involves the physical deposition of thin film on substrate surface from source material. 
This process is achievable through several phases which are (Moorthy, 2015): 
i. The high energy transfer by electron or ion bombardment or filament heating of source 
Deposition 
Technique
Chemical Vapour DepositionPhysical Vapour Deposition
Atomic Layer Deposition 
(ALD)
Thermally Activated CVD
Plasma Enhanced CVD
Photo-assisted CVD
Metal Organic CVD
Athermal Process
Direct Current Diode Sputtering
Radio Frequency Sputtering
Magnetron Sputtering
Unbalanced Magnetron Sputtering
Thermal Process
Thermal Deposition
Electron Beam Deposition
Molecular Epitaxy Deposition
Pulsed Laser Deposition
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material; 
ii. The vaporization of source material from energy transferred by sublimation or 
evaporation or physical sputtering into atom in high vacuum states; 
iii. The vaporized source material is guided and transported in the direction of the substrate 
surface; 
iv. The reaction of the vaporized with the available gas in the reactor while travelling 
toward the substrate surface. This phase is utilized in peculiar coatings of oxide, nitride, 
carbide among others where final coating is different from source material chemistry; 
v. Condensation process of the vaporized material on the substrate surface. 
2.3.1.1 Pulsed Laser Deposition (PLD) 
PLD is a physical vapour deposition (PVD) technique which involves depositing of thin film 
materials on a substrate by vaporisation of a target material using of laser beam usually in a 
high vacuum chamber of less than 10-5 torr. The target material surface is exposed to 
periodically pulsed high energy laser at which transferred heat vaporises the target material to 
deposit a thin film on the substrate surface (Lin and Chen, 2016, Moorthy, 2015). The 
deposition can, however, be regulated with respect to the parameters of the laser (Kalantar-
zadeh and Fry, 2007). 
2.3.1.2 Thermal Deposition 
Thermal deposition is carried out by the application of Joule heating for evaporation or 
sublimation of target material which is stacked on the appropriate holder materials of a very 
high melting point. Such holder materials are in the likes of graphite, tungsten and 
molybdenum. Heat is applied to the holder in order to evaporate the target materials by means 
of Joule heating principle (Moorthy, 2015). Joule heating is otherwise known as ohmic heating, 
and resistive heating involves the passing of high electric current through the holder in this 
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situation. The evaporated material, however, deposited over the substrate following the 
necessary conditions are met. 
2.3.1.3 Electron Beam Deposition 
Electron bean deposition principle of operation involves the exposure of target material surface 
to highly intense energy electron beam to stimulate evaporation and thereby to deposit the 
vapour to makeup thin film on the substrate surface. With the electron beam source functioning 
as the cathode and target as an anode, the target material is placed in a crucible with water 
cooling system while it is exposed to the electron beam (Moorthy, 2015). 
2.3.1.4 Molecular Beam Epitaxy 
This deposition technique forms thin films on a substrate by heating of target material whereby 
the formed atoms or molecules moves in the chamber without bumping into other molecules. 
The chamber is of ultra-high vacuum and designed with effusion cell from where the target 
material is vaporised at a controlled vapour pressure to uniformly deposit the thin layer 
(Moorthy, 2015, Lin and Chen, 2016). 
2.3.1.5 Sputtering 
Sputtering involves the bombarding of a target material using accelerated vapour ions to 
remove the atoms from the target material surface (Seshan and Schepis, 2018). This process 
has the capacity to synthesise a lot of compound materials, oxides, nitrides and alloys. This 
physical method can also be used for undesirable material from a sample surface as a form of 
etching (Seshan, 2012). A sputtering method can further be categorised into (Moorthy, 2015): 
1. Direct current diode (DC) sputtering, 
2. Radio frequency (RF) sputtering, 
3. Magnetron sputtering, 
4. Unbalanced magnetron sputtering. 
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2.3.1.6 Evaporation 
Evaporation is recognised among the earliest and extensively adopted method of thin film 
fabrication. The technique has to do with the vaporisation or sublimation of target material in 
which the condensation of the generated vapour afterwards forms a thin film on the substrate 
surface (Kalantar-zadeh and Fry, 2007). 
2.3.2 Chemical Vapour Deposition (CVD) 
Chemical vapour deposition is a flexible method of thin film deposition of the chemical 
reaction of gas phase reactants over the substrate surface (Morosanu, 2016, Seshan and 
Schepis, 2018). This technique is capable of developing thin films of simple and complex 
material at the same time that possesses anticipated morphology and chemical components. A 
thin film solid material can be fabricated using CVD. Similarly, the CVD process includes four 
essential steps which are (Moorthy, 2015): 
i. The injection of the precursor(s) into the reactor; 
ii. The precursor(s) is however adsorbed on the substrate surface whereby the chemical 
reaction is thermally activated or activated by ionised plasma; 
iii. At this point, surface diffusion and decomposition of the precursor over the substrate 
advances to the forming of nucleation sites and grows with respect to the allowed time 
to form the desired thin film; and 
iv. The purging of the desorbed residual and byproducts from the reactor. 
Based on the method of heating to trigger the vapour phase reaction, and the precursor nature, 
the CVD process can be classified into the following (Moorthy, 2015, Lin and Chen, 2016): 
2.3.2.1 Thermally Activated Chemical Vapour Deposition (TACVD) 
This CVD technique involves the heating of the precursor molecule to initiate the reaction of 
the precursor with the substrate surface. The heat energy source can be resistive, inductive or 
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radiation. The TACVD can further be classified into low pressure chemical vapour deposition 
(LPCVD) and atmospheric pressure chemical vapour deposition (APCVD) based on the 
operating pressure. The LPCVD operate at pressure below 10-1 mbar. Low precursor diffusion 
is experienced in LPCVD process and hence the gas velocity is reduced in the reactor. LPCVD 
have more control over the deposition rate and hence finer uniformity and step coverage is 
often found in the process. 
2.3.2.2 Plasma-Enhance Chemical Vapour Deposition (PECVD) 
It involves the application of plasma energy in the activation of the precursor reaction with 
substrate surface. The plasma energy causes inelastic collision process of electrons and reactant 
gas to induce chemical reaction. The PECVD is applicable in situation where the substrate is 
sensitive to thermal energy. The PECVD can be operated as direct and remote PECVD. 
2.3.2.3 Photo-Assisted Chemical Vapour Deposition (PCVD) 
PCVD is applicable in the used of low tolerant substrate where the thin film deposition on 
substrate is initiated by photothermal energy. In the process, the source of photo energy is 
fixated basically on the substrate to increase the temperature triggers the chemical reaction of 
the precursor and substrate surface. PCVD can be operate under both low and atmospheric 
pressure unlike in PECVD. 
2.3.2.4 Metal-Organic Chemical Vapour Deposition (MOCVD) 
This technique involves the epitaxial decomposition of metal alkyls, hydrides and nitride 
thermally The MOCVD similar to the TACVD can be operated at low and atmospheric 
pressure. This deposition technique is applicable in developing layers of semiconductors and 
super conductors. 
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2.4 Atomic Layer Deposition (ALD) 
2.4.1 Principle of ALD 
Atomic layer deposition (ALD) technique shown in Figure 2.1 is a variation of chemical 
vapour deposition (CVD) of the vapour-phase bottom-up nanomanufacturing technique. It 
involves the sequential alternating injection of two or more chemical reactant gases into a 
chamber to facilitate the monolayer by monolayer deposition of materials on substrate 
(Bachmann, 2017, Dasgupta et al., 2016, Kääriäinen et al., 2013, Pinna and Knez, 2012). 
ALD is found to be very significant in nanotechnology with the capacity to deposit an ultra-
thin film of superior qualities such as conformality, uniformity, thickness control and 
pinhole-free on intricate structures (Shaeri et al., 2015a, Wind and George, 2009). 
ALD involves splitting of the reaction of precursors into a sequentially self-limiting surface 
and heterogeneous reactions in a cyclic form (Shaeri, 2014, Kim et al., 2010, Ritala et al., 
1999). In recent years, the academia and industry have grown vast interest in ALD as a viable 
technique to realize miniaturization of devices such as in semiconductors, Micro-Electro-
Mechanical Systems (MEMS) and Nano-Electro-Mechanical Systems (NEMS), catalysis, 
biomedical, nanotubes, energy conversion and storage. ALD has become a necessity tool to 
optimize the use of materials, performance, durability and application of the devices (Kleijn et 
al., 2007, Madou, 2011). 
2.4.2 Stages of ALD Process 
Typically, the ALD procedure encompasses alternating dosing of precursors into the reactor 
with purging using carrier/purging gas in between the pulsing of the precursors in a cyclical 
manner (Kim et al., 2010, Rahtu and Ritala, 2002). The purging is obligatory to circumvent 
the mixing and undesired reaction of the precursors as well as removal of surplus precursor 
and by-products from the reactor chamber (Shaeri, 2014). The operation of ALD 
20 
 
characteristically involves four time-dependent sequential steps measured in seconds in the 
following routine (Kim, 2003, Kim and Maeng, 2009); 
i. the injection of the first precursor into the reactor for a period to form a monolayer on 
the substrate; 
ii. purging of the reactor for a time using inert carrier gas to get rid of the residual and 
unwanted products; 
iii. pulsing of the second precursor into the reactor for a duration to deposit the anticipated 
thin film as a result of the self-limiting surface reaction of the mono-layer formed and 
the second gas; and 
iv. purging of the reactor for time a length of time using inert carrier gas to remove the excess 
gas and by-products.  
The four steps that make up the ALD cycle are represented in Figure 2.2, and with the repetition 
of the ALD cycle, the desired thin film thickness can be attained (Pan, 2016). The thin film 
thickness and uniformity is accurately regulated by a number of cycles (Kalantar-zadeh and 
Fry, 2007). 
 
Figure 2.2: Schematic demonstration of ALD reaction cycle. 
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2.4.3 Characteristics and Advantages of ALD Techniques 
The low deposition temperature is an additional advantage of ALD when contrasted 
alongside with other deposition techniques (Kim and Rossnagel, 2002, Shaeri, 
2014). The characteristics, as well as the corresponding advantages, are listed in 
Table 2.2. 
Table 2.2: ALD characteristics and advantages (Shaeri, 2014). 
Characteristics Results on the film deposition Rational advantages 
Self-limiting 
Film growth is dependent on the 
number of the deposition cycle. 
Accurate and straightforward 
thickness control. 
There is no need for precursor 
flux homogeneity. 
Large area capability. 
Large batch capability. 
Excellent conformality. 
No problem with inconstant 
vaporisation rates of solid 
precursors. 
Good reproducibility. 
Straightforward scale-up. 
 Atomic level control of material composition. 
Capability to produce sharp 
interfaces and superlattices. 
 
Sequential precursor pulsing 
No gas phase reactions 
Favours precursors highly 
reactive towards each other, 
thus enabling effective 
material utilisation. 
Adequate time is provided to 
complete each reaction step. 
High-quality materials are 
obtained at low processing 
temperatures. 
Wide temperature operation 
Processing conditions of 
different materials are readily 
matched. 
Capability to prepare 
multilayer structures in a 
continuous process. 
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2.4.4 Atomic Layer Deposition Window 
In the ALD process, operating within a temperature window is very critical in a 
successful thin film deposition via ALD process, and this is referred to as the ALD 
window. Hence, the ALD window can be defined as the span of temperature at which 
the conditions to achieve successful ALD is met (Bachmann, 2017).  Figure 2.3 
illustrates the ALD temperature window where the growth per cycle is shown on the 
y-axis against the temperature on the x-axis. The schematic image shows the ALD 
behavioural activities such as the physical and chemical processes could be disrupted 
when the operating temperature falls beyond or below the ALD temperature window. 
The diagram demonstrates that at high temperature, decomposition of the first 
precursor may occur, thus, denying the surface reaction with second precursor. 
Hence, resulting in higher growth per cycle like in CVD than the anticipated ALD 
process. In the same vein, desorption of the first precursor from the substrate surface 
can take place before reaction with the second precursor. In this situation, the growth 
per cycle would be fewer than the envisaged in an ALD process (Kääriäinen et al., 
2013). This effect could instead be associated with the first precursor physisorption 
properties compared to the chemisorption properties.  
Nonetheless, at low temperature, the precursors may condense to form liquid or solid 
on the surface, thereby leading to undesired high growth per cycle  (Knoops et al., 
2015). Lastly, the shallow temperature can result to low reactivity of precursors with 
the surface sites and consequently, give rise to low growth per cycle or more 
extended reaction period compared to the feasible cycle period. 
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Figure 2.3: Schematic illustration of ALD temperature window (Kääriäinen et al., 2013). 
2.4.5 The Categorization of ALD Reactors 
Furthermore, the realisation and quality of an ALD process can as well be influenced by the 
ALD reactor architectural design for identifiable applications with respect to the significance 
of technical and economic advantage (Hwang, 2013). ALD can be classified, by considering 
the orientation of the gas delivery to the reactor cavity and method of separating the gases plus 
the removal of the residuals, into temporal and spatial ALD. As the name implies, temporal 
ALD is the process in which the exposure of the substrate to the gases is done intermittently 
splitting in time while in spatial ALD, the process of exposing the substrate to the vapours is 
carried out simultaneously but separated in space (Muñoz-Rojas et al., 2017). The ALD 
variations are categorised based on the gas flow orientation, process condition and scalability 
and on the grounds of making ALD reactors operational and optimised, a combination of the 
categories are used to design ALD reactor to meet specific requirements. Considering the flow 
orientation, cross flow ALD reactor fundamentally involves the flow of gases in and excess 
gases and by-product out of the reactor through the inlet and outlet manifolds respectively on 
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opposite side walls while the substrate is placed at the bottom of the reactor (Knoops et al., 
2015). Meanwhile in viscous flow ALD reactor which is very similar to the cross-flow type, 
except that the inlet and outlet manifolds are positioned at the extreme ends of the reactor 
bottom wall.  In showerhead ALD reactor, the gases inlet and residual outlet are placed at the 
top and bottom of the reactor respectively with the gases evenly dispersed by perforated plate 
over the suspended substrate surface (Knoops et al., 2015). With respect to the scalability as 
presented in Figure 2.4, single-wafer ALD reactor on the average is the most popularly utilised 
reactor variant as it can only process a single wafer at a time whereas multi-wafer batch reactor 
can on the other hand process multiple substrates concurrently. However, spatial ALD reactor 
is an innovative concept unlike other typical reactors, where the reactant gases are pulsed and 
separated in time with the purging gas injected in between each pulse on the substrate 
stationary. While in spatial ALD reactor, the reactant gases are dosed simultaneously into 
demarcated spaces in the reactor (Hwang, 2013, Pan, 2016). Categorising ALD reactor based 
on process condition, thermal ALD reactor is the kind of that provides activation energy needed 
for the surface reaction in ALD process solely by heating the surface of the substrate 
(Bachmann, 2017). While in plasma-enhanced ALD reactor, trigger or pre-activation of the 
precursor for the surface reaction is necessary through the use of a plasma source thereby 
greater reactivity is attained and less thermal is required than in thermal ALD (Bachmann, 
2017, Hornsveld et al., 2017). The plasma-enhanced ALD can, however, be further classified 
regarding the plasma configuration into radical-enhanced, direct plasma and remote plasma 
ALD reactor (See Figure 2.5). 
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Figure 2.4:  An illustration of various types of ALD reactor. (a): single wafer cross flow ALD 
reactor; (b): showerhead type single wafer ALD reactor; (c): multiple wafer batch ALD 
reactor; (d): Inline spatial ALD reactor and (e): roll-to-roll ALD reactor modified from 
(Knoops et al., 2015, Van Delft et al., 2012). 
 
Figure 2.5: A schematic of plasma-enhanced ALD. (a): remote plasma ALD; (b): radical-
enhanced ALD, (c): direct plasm-assisted ALD and (d): direct plasma ALD  with mesh 
(Profijt et al., 2011). 
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2.4.6 ALD Precursors and Thin Films 
Mainly in the attempt to deposit a thin film of metal oxide via ALD method, one of the two 
precursors required for the deposition serves as the metal source while the other serves as the 
oxygen source (Xu and Musgrave, 2004). Table 2.4 presents several metal oxides films with 
corresponding metal and oxidant sources 
Table 2.3: Metal oxides thin films via ALD based on two reactants. Modified (Puurunen, 2005). 
Metallic precursor  Oxidant Precursor Product film 
BBr3 H2O B2O3 
MgCp2 H2O MgO 
AlCl3 H2O Al2O3 
AlCl3 O2 Al2O3 
AlBr3 H2O Al2O3 
Al(CH3)3 H2O Al2O3 
Al(CH3)3 H2O2 Al2O3 
*Al(CH3)3 *O3 *Al2O3 
Al(CH3)3 N2O 
Al2O3 
Al(CH3)3 NO2 Al2O3 
Al(CH3)3 N2O4 
Al2O3 
SiCl4 H2O 
SiO2 
SiCl3H H2O 
SiO2 
SiCl2H2 O3 
SiO2 
TiCl4 H2O 
TiO2 
Zn O2 
ZnO 
YCp3 H2O 
Y2O3 
HfCl4 H2O 
HfO2 
HfCl4 O2 
HfO2 
HfCl4 O3 
HfO2 
* shows the thin film material deposited and the precursors used for this study.  
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2.4.7 ALD of Al2O3 Thin Films 
ALD of Al2O3 using trimethyl-aluminum (TMA), Al(CH3)3 and water, H2O as the precursors, 
is the most widely studied ALD systems on the account of its versatility in various applications 
owing to its desirable properties such as suitable adhesion to surfaces (Wilson et al., 2005, 
Shaeri, 2014, Pan, 2016). These fascinating features have projected Al2O3 to be an outstanding 
material in microelectronic industries. Such applications include dynamic random-access 
memory (DRAM), high-k gate dielectric in transistors, as well as a potential replacement for 
Si2O3 as gate dielectric material for metal-oxide-semiconductor-field-effect transistor 
(MOSFET) (Pan, 2016). The primary reaction of the Al(CH3)3 and H2O to make Al2O3 is 
shown as: 
   3 3 2 2 3 42 ( ) 3 6Al CH H O Al O CH+ → +    
 2.1 
The surface chemistry mechanism during one cycle of this ALD is described as follows 
(George, 2009, Groner et al., 2004, Shaeri, 2014, Wilson et al., 2005): 
* *
3 3 3 2 4( ) ( )AlOH Al CH AlOAl CH CH+ → +    2.2 
 * *3 2 4AlCH H O AlOH CH+ → +  2.3 
Where the asterisks denote the surface species, and the other elements are the gaseous species. 
During the first step in the ALD process, TMA is dosed into the reaction chamber at which the 
precursor reacts with the substrate surface adsorbed hydroxyl groups. Secondly, the reactor is 
injected with non-reactive gas to clear of the excess TMA and the by-product methane. Thirdly, 
the second precursor, water is injected into the chamber which reacts with the methyl groups 
on the substrate surface and lastly, an amount of non-reactive gas is released into the chamber 
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to remove the excess water and by-product. The desired Al2O3 thin film thickness can, 
however, be reached through repetition of the four-reaction sequence (Pan, 2016, Shaeri, 
2014). The ALD process of Al2O3 using TMA and water as precursors is illustrated in Figure 
2.6 
 
Figure 2.6: (a) & (b): Pulse of Al(CH3)3. (c): The first purge. (d) & (e): Pulse of H2O. (f): 
Monolayer formed after the second purge. Figures are made available from Savannah User 
Manual (2009). 
2.4.8 Applications of ALD 
2.4.8.1 Microelectronics Applications 
Presently, ALD is adopted quite extensively in the manufacture of microelectronics based on 
the qualities of the deposited thin films by the technique which satisfies the requirements for 
the device applications. ALD is proficient in the deposition of materials such as insulating, 
dielectric and semiconducting materials (Seshan and Schepis, 2018). A typical application of 
ALD in microelectronics is in DRAM capacitors. There has been tremendous hard work to 
amplify the memory capacity of DRAM by reducing the size of its capacitor without altering 
the capacitance. To this end, different cell arrangements are exploited such as stacked or trench 
capacitors. However, fabrication of trench capacitors is faced with severe barrier because of 
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the tiny size of the trench and high aspect ratio. Despite the critical setback in the fabrication, 
ALD offers the valuable way depositing materials on the channels to the required quality and 
scaling down of the capacitor lower than 100nm (Ritala et al., 1999). ALD is precisely 
applicable in the preparation of high-k dielectric materials such as HfO2, ZrO2, Al2O3, as gate 
oxide which replaces the use of SiO2 gate dielectric in metal-oxide-semiconductor-field-effect 
transistors (MOSFET) (Scarel et al., 2003, Mistry et al., 2007, Groner et al., 2004, Pan, 2016, 
George, 2009). As it is necessary to deposit a highly uniform and pinhole-free thin film of these 
materials to avoid leakage of the current through the gate oxide (Johnson et al., 2014). In order 
to avert diffusion of insulating elements into Cu and vice versa in Cu-based chips, ALD is used 
to fabricate the transition metal nitrides such as HfN, TaN, MoN, TaCN, TiN, WN. This 
function as metallic barrier of pure, dense, conformal and thin film for high-quality adhesion 
with both metals and insulators (Anacleto et al., 2010, Klaus et al., 2000, Pan, 2016). 
2.4.8.2 Energy Conversion and Storage Applications 
The application of ALD is not limited to just microelectronics, it has been used in other fields 
such as energy conversion and storage in the likes of batteries, photovoltaic systems, 
electrolyser, fuel cells, hydrogen storage, thermoelectrics. ALD finds its application in fuel 
cell as it is used to deposit precious metals such as Platinum (Pt), Palladium (Pd), Rubidium 
(Rb) and Iridium (Ir) as electrocatalyst on electrodes to facilitate the electrochemical reactions 
in Proton Exchange Membrane fuel cell (PEM) and electrolyzer. Furthermore, in solid oxide 
fuel cells (SOFC), ALD is utilised for the fabrication of thin electrolyte membranes of superior 
surface exchange kinetics, lessened ohmic losses and of course, outstanding performance. 
Platinum, on the other hand, is deposited via ALD as the thin layer of cathode and anode in 
SOFCs as ALD is ideal technique as a result of limited availability of the precious metal 
(Bachmann, 2017). ALD also plays a crucial role in the fabrication of bilayer electrolyte for 
SOFC by the deposition of yttria-stabilised zirconia (YSZ) with the purpose of reducing the 
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thickness and simultaneously improving the ionic conductivity of the electrolyte (Johnson et 
al., 2014). However, the precious metals are quite expensive and have limited availability, 
ALD provides the capacity to deposit the metals uniformly, conformally pinhole-free thin film 
of the metals on surfaces of complex topography and penetrate to the surfaces of porous 
materials.  
In solar cells, ALD has increasingly gained applicable functions for its use to deposit a thin 
layer of Al2O3 as to passivate Silicon (Si) surface in Si Solar cell to improve the system 
conversion efficiency. The ALD is likewise employed for the deposition of transparent 
conductive oxides (TCOs) such as In2O3 and ZnO as a functional layer in solar cells. TCOs are 
radically transparent and conductive and should be of high electron mobility. In the 
improvement of the efficiency of the lithium-ion batteries, the use of ALD in the battery 
fabrication process has so far shown promising advantage by the technique capacity to deposit 
thin functional layer to passivate electroactive elements from dispersing into the electrolyte. 
Again, ALD has proven its strength in the ability to fabricate nanostructured photoelectrodes 
along with the functionalization to improve the performance of photoelectrochemical (PEC) 
devices, especially for water splitting and the production of pure hydrogen as a source of clean 
energy. It is worth noting that compared to photoelectrodes fabricated using other fabrication 
methods which corrode easily during use, thus, impacts negatively on the operation of the 
device (Bachmann, 2017). 
2.4.8.3 Medical and Environmental 
For medical and biological applications, ALD has made a reputable impression as a deposition 
technique for a protective coating including the antimicrobial coating of medical devices and 
equipment. Membranes with superior biocompatibility in sensing, isolating, sorting and 
medication delivery are necessary for the biomedical application. Medical devices such as 
dental, structural, organ implants and biosensor functionality and performance have been 
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improved significantly with the adoption of ALD for the fabrication of membranes (Adiga et 
al., 2009, Narayan et al., 2010). ALD has been recognised as the most appropriate technique 
for the fabrication of separative membranes as a result of its advantage of conformal deposition 
and excellent control over thickness. The phenomenon of the separative membranes involves 
the dependency on the membrane pore size and particle size. The separative membranes are 
based on molecular filtration mechanism and applicable for water and air purification 
(Bechelany et al., 2015, Narayan et al., 2010). Other sensing devices which have been greatly 
influenced by ALD include electromechanical, biochemical, chemical and gas sensors 
(Helbling et al., 2009). 
2.4.8.4 Optics, Electronic Displays and Data Storage 
ALD has recently been a preferred method of depositing materials such as TiO2 and Al2O3 for 
antireflective coatings of photographic lenses, band-pass filter and polariser, for the reflective 
surface of mirrors and also diffractive coatings for nano and micro-lens (Ritala and Niinistö, 
2009). Likewise, for electroluminescent displays, the fabrication of conformal, pinhole-free 
and thin materials in the likes of Al2O3, TiO2, ZnO: Al and ZnS: Mn is critical for the 
functioning of the devices. Hence, ALD seems to be the most suitable technique to synthesise 
the materials to meet the required qualities (Kääriäinen et al., 2013, Ritala and Niinistö, 2009). 
The ALD technique is also applicable in devices like liquid-crystal displays (LCDs), light-
emitting diodes (LEDs), plasma and fluorescent displays, electrochromic displays (Seshan and 
Schepis, 2018). ALD in recent year has become the favourite method of producing thin film 
magnetic heads (TFMHs) for reading and writing data in hard disc drives compare to other 
conventional techniques as the rise for downsizing magnetic heads increases (Kääriäinen et al., 
2013, Ritala and Niinistö, 2009). 
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2.4.9 ALD Simulation Concept 
In the fluid dynamics field, simulation essentially is a replica representation of the realistic or 
theoretical situation of a complex process via exploitation of mathematical model. Besides, 
with the appropriate mathematical model and the change of variables, the behaviour of a 
process can thus be studied, predicted and optimised.  
In ALD simulation, the primary main length scales in an ALD process are the reactor and 
feature scale. Reactor scale consequently relates to the reactor geometry including the inlet, 
outlet and substrate dimensions at visible range while feature scale deals with pores and 
trenches of the substrate surface. Named below are categories of simulation methods (Pan, 
2016, Raabe, 2004): 
A. Molecular dynamics Method,Pseudo-particle method, 
a. Off-lattice method, 
i. Dissipative particle dynamics method, 
ii. Direct simulation Monte Carlo method, 
b. Lattice-based models, 
i. Lattice gas automata, 
ii. Lattice Boltzmann Method,Computational Fluid Dynamics (CFD) 
method. 
The use of a particular simulation method is ideally guided by four necessary relevant 
conditions which are the modeling scale, Knudsen number, system size and computational 
efficiency as illustrated in Figure 2.7. 
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Figure 2.7: Simulation methods with illustration of their respective ideal scope of application, 
modified from (Pan, 2016, Raabe, 2004). 
There are possibilities of small and large Knudsen number mutually present in an ALD process 
which otherwise led to the continuum and molecular flow presence respectively. Even though 
the application of Navier-Stoke equations are ideal means for simulating processes of low 
Knudsen number which are apparently in continuum flow, the method is not suitable for use in 
simulation of processes with large Knudsen number in molecular flow (Pan, 2016). Knudsen 
number plays key role in the determination of the suitability of the CFD approach for this 
research. 
The CFD approach was exploited for this study as the Knudsen number evaluated to be small 
and within suitable range. Computational fluid dynamics (CFD) involves the evaluation of fluid 
flow, transfer of heat as well as related phenomena in the likes of chemical reactions in the 
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system through computer-based simulation (Versteeg and Malalasekera, 2007). Hence, CFD is 
a sophisticated problem-solving computational fluid mechanics tool which adopts the use of 
mathematical analysis and computer algorithms to model and simulate phenomena in a fluid-
based system (Wendt, 2008). CFD deals with the mathematical resolution of partial differential 
equations governing the conservation of mass, momentum, energy and species transport. CFD 
is formidable technique which is compatible and versatile in a wide range of applications in 
industrial and non-industrial capacities such as biomedical engineering (blood flow), 
aerodynamics, marine engineering, electrical and electronics engineering (cooling system), 
power plant (nuclear reactors, wind turbines, combustion in internal combustion engines and 
gas turbines), chemical processing,  meteorology, hydrology and oceanography, ventilation 
system (Versteeg and Malalasekera, 2007). The CFD computational methods implementable 
to solve the partial differential equations (PDEs) discretionally are namely (Cebeci et al., 
2005): 
1. Finite difference method (FDM), 
2. Finite element method (FEM), 
3. Finite volume method (FVM), 
4. Spectral element method (SEM), 
5. Direct numerical simulation. 
However, in this research, the FVM approach was adopted as the CFD computational method 
to solve the partial differential equations to model for the simulation of the ALD process 
numerically. 
2.4.10 Previous ALD Studies 
Parameters such as temperature, pressure, velocity, pulsing and purging time, substrate 
arrangement, reactor design and flow orientation have so far been investigated to understand 
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and determine how the various parameters impact and proffer solution to achieving optimize 
ALD process. 
In one the instances of the investigation, Shaeri et al. (2015a) studied the ALD process 
characteristics comparing different substrate temperatures of 250 oC and 300 oC with an 
operating pressure of 10 Torr via reactor scale simulation of an ALD process of Al2O3 in a 
viscous flow reactor. The author gives an account of a substantial increase in deposition rate 
as well as the growth rate in the ALD process with a substrate temperature of 300 oC. The 
result is owed to the fast decomposition of O3, hence yielding sufficient oxygen atoms to satisfy 
substrate oxidation and also the higher rate of surface reaction. Also, an ALD process 
producing Al2O3 in multi-outlet viscous flow reactor was studied by (Shaeri et al., 2015b). It 
is reported the same growth rate in single, double and triple outlet reactors was observed, hence 
the number of outlets in a reactor has no noticeable effects on the thin film deposition. Further 
studies by (Shaeri, 2014) on the influence of inlet position over the characteristics of ALD 
process of Al2O3 revealed that more superior growth rate was realized with the top-inlet reactor 
in comparison to with the bottom-inlet reactor (Shaeri et al., 2014).  
In the effort to further understand the ALD process, process temperature, pulse and purge time 
for Al2O3 deposition using TMA and water was experimentally and numerically studied by 
(Pan et al., 2016). It was reported that 200 oC appears to be a suitable temperature to attain 
higher growth rate and reduce precursor wastage rather than a higher temperature which tend 
to encourage decomposition of deposited layer as a result of the backward reaction present in 
the reactions. These authors also revealed that extended pulse time can further improve the 
deposition rate but can as well lead to more wastage of precursor, and purge time can interrupt 
the needed time by the vapour to sufficiently react with the substrate surface (Pan et al., 2016). 
Coetzee et al. (2018) examined the effect of ALD process in the manufacture of Al2O3 thin 
film over the substrate. Coetzee et al. (2018), highlighted possible defect at the film surface 
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from which could be associated with the formation of buffer layer during the ALD sequence. 
The recipe is also noted to tolerate some undesired interaction and this can result in thin film 
defect through homogeneous reactions of the precursors. Gakis et al. (2018) on the other hand, 
recommended prolonged pulse time of the reactants to ensure enhanced surface coverage in 
their investigation on the ALD Al2O3 in a commercial reactor using TMA and H2O via CFD 
simulation. Adomaitis (2010) during the examination of ALD process in multiscale model, 
noted more deposition at the pore entry edge after several deposition cycles. This bottle-neck 
feature was observed to have caused restriction of precursor flow into the pore interior. This 
effect thus led to minimal deposition within the pore. Lankhorst et al. (2007) studied the 
transient ALD process on trenched substrates in a multi-wafer reactor. They reported an 
increase in diffusion level in response to higher operating pressure. Additionally, it was 
suggested that more precursor should be dosed into reactor to support further deposition as a 
result of increased surface area owing to the trenches presence as well as limiting the outflow 
of precursor to avoid wastage and maximize deposition. 
Deng et al. (2016) expressed from a study that the distribution of temperature within reactor 
domain influences the movement of gas molecules while the growth rate was noticed to 
diminish with high temperature as a result of desorption. Their findings showed rapid 
deposition rate with higher temperature. The author also pointed out that lower pressure results 
in increased diffusivity. Gobbert et al. (2002) presented feature scale ALD modelling and 
simulation where results indicated a substantial decrease of surface coverage of adsorbing 
reactant as a result of reaction with the precursor. The reduction of the surface coverage during 
the process is also by means of desorption. 
Gordon et al. (2003) in the study on the step coverage kinetic model of ALD in narrow holes 
or trenches, drew attention to the swift saturation of the flat surfaces while more time is 
necessary for the diffusion precursors into the trench surfaces to achieve improved saturation. 
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It was suggested that conformal deposition can be attained in trenches or holes of high aspect 
ratio given that fitting combinations of precursors with abundant pulsing and saturation time 
are applied in the process. Li et al. (2007) examined the effect of operating pressure and 
temperature on the growth rate, uniformity, thickness step coverage and impurity composition 
of Al2O3 film deposited by ALD. It was observed that reduction in the process temperature 
results in the reduction of the film properties while the film growth increases. The increase in 
the operating pressure instead amplified growth rate at the expense of the film quality. 
Nevertheless, the advancements can be the credited to the enhanced diffusion of precusor and 
surface stauration capacity and increased chances of surface reaction at the available sites. 
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Chapter 3  
METHODOLOGY 
3 Introduction 
The Al2O3 thin film is researched categorically as a fundamental ALD process model attributed 
to its high thermal stability, high dielectric constant and superior surface adhesion property to 
several substrates. However, the dynamics of the deposition of thin film within and on substrate 
trenches are so far not well understood, even though ALD have been used in a wide range of 
application such as in the microelectronic, biomedical, energy conversion and storage 
industries. Notwithstanding, little or no comprehensive information as regard to the transient 
ALD process within and on trench surface has not yet been provided from either ALD 
numerical simulations or experiments. In this study, the numerical investigation of Al2O3 ALD 
flow and surface reaction within and on the trench with respect to TMA and O3 as the 
precursors is presented based on the overall reaction (Kim et al., 2002, Shaeri, 2014, Shen et 
al., 2012): 
 3 3 3 2 3 2 32 ( ) 3Al CH O Al O C H+ → +   
The findings received from the simulations will be compared to the similar studies. 
3.1 Numerical Modelling 
The maximum Knudsen number ( )Kn , in this research, is calculated to be less than 0.01 with 
the below expression: 
Kn
d
λ
=                                                                 3.1 
Where λ  is the gas mean free path and d  is the smallest physical length scale within the trench. 
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B
c
K T
P
λ
πσ
=                     3.2 
where 231.38 10BK
−= × J/K as the Boltzmann constant, 102.75 10σ −= × m as the smallest 
collision diameter provided from (CHEMKIN-PRO, 2013), 133.32P = Pa as pressure, and 
573.15T = K as the maximum temperature 
Hence, 0.01
d
λ
<  and translates that adopting the continuum flow assumption along with no-
slip boundary is precise for the simulation of the flow in the arbitrary reactor. 
3.1.1 Governing Equation 
Several physical and chemical procedures in the likes of mass transfer, momentum transport, 
heat transfer along with chemical reactions are coupled together to make up the ALD process. 
The partial differential equations (PDEs) respectively govern all procedures can be numerically 
solved on the distinguished domain. The Finite Volume Method (FVM) approach is one of the 
basic CFD computational methods that is employed to resolve the PDEs discretionally. The 
FVM is a continuum-based approach which proposes that the related domain is in a continuum 
state. The mass deposition process is simulated with the well-defined surface reaction kinetics 
and mechanisms on the surface sites. 
3.1.1.1 Mass Conservation Equation 
The equations governing the modelling activity of physical and chemical processes are the 
conservation of mass, momentum, energy and species transport. The continuity equation 
conserves mass and can be expressed as (Fluent, 2017): 
 ( ) mSt
ρ ρν
∂
+∇ ⋅ =
∂

 3.3 
where ρ  is the density, 
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ν
  is the velocity vector, 
mS  is a mass source term. 
3.1.1.2 Momentum Conservation Equation 
The conservation of momentum governs the momentum transport within the laminar flow in 
the in the ALD reactor cavity. Note that in the ALD process, the flow is typically laminar. The 
equation of conservation of momentum is given as (Fluent, 2017): 
 ( ) ( ) ( )v vv P g Ft
ρ ρ τ ρ
∂
+∇ ⋅ = −∇ +∇ ⋅ + +
∂
   
   3.4 
where P  is the static pressure, 
g

 and F

 are the gravitational body and the external body forces respectively, 
τ  is the stress tensor, 
τ  is defined as (Fluent, 2017): 
 ( ) 23
T
Iτ µ ν ν ν = ∇ +∇ − ∇ ⋅  
  
 
 3.5 
where µ is the fluid dynamic viscosity, 
I  is the unit tensor, 
 the term 2
3
Iν∇ ⋅

  is the effect of volume dilation. 
3.1.1.3 Energy Equation 
During an ALD process, heat is transferred by conduction through the pipes and chamber walls 
and also by convection from the chamber walls to the gaseous species. The energy transport in 
the ALD reactor is expressed by the following equation (Fluent, 2017);  
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( ) ( ) ( )
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i effeff i h
i
v P K T h J v S
t
ρε ρε τ
=
∂   +∇ ⋅ + = ∇ ⋅ ∇ − + ⋅ +  ∂  
∑
  

 3.6 
ε is the total energy, 
effK  is the effective conductivity, 
ih  is the enthalpy of mixture species i , 
 iJ
  is the diffusion heat flux of mixture species i . 
effτ  is the effective stress tensor, 
hS  is the source term of heat which is due to chemical reaction or other heat sources. 
The term   is expressed as (Fluent, 2017):  
 
2
2
P vh
ρ
= − +  3.7 
where sensible enthalpy, h  is given for ideal gases as (Fluent, 2017): 
 i i
i
h Y h=∑  3.8 
iY  is the species i mass fraction. 
,
ref
T
i p i
T
h c dT= ∫      3.9 
3.1.1.4 Species Transport Equation 
The mass convection-diffusion equation also known as the species conservation equation is 
implemented in the ALD process to model the species transport. TMA vapour and argon, as 
well as ozone and argon, are the gaseous mixtures involved. The mass convection-diffusion 
equation of species i  is stated in the general form (Fluent, 2017): 
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 ( ) ( ) ii i i iY Y J R St ρ ρν
∂
+∇ ⋅ = −∇ ⋅ + +
∂
 
                                3.10 
where iY  is the local molar fraction of species i , 
iR  is the net rate of production of species i  by chemical reaction, 
iS  is the source of species i , 
iJ
  is written as (Fluent, 2017): 
 
1
,
1
N
i ij j T i
j
TJ D Y D
T
ρ
−
=
∇
= − ∇ −∑

                          3.11 
where ijD  is the binary Maxwell-Stefan diffusive coefficient of species i  and j , 
,T iD  is the thermal diffusion coefficient of the species i , 
N  is the total number of species in the mixture, 
jY  is the mass fraction of species j , 
ρ  is the density field of the gaseous mixture. 
ρ  is derived from the ideal gas law for a multi-component mixture expressed here (Fluent, 
2017): 
 
1 ,
op
N
i
i w i
P
YRT
M
ρ
=
=
∑
 3.12 
where iY  mass fraction of species i , 
,w iM  is the molecular weight of species i , 
43 
 
opP  is the operating pressure. 
R  is universal gas constant 
It can, therefore, be concluded that precursor distribution in ALD system, is accomplished by 
resolving the species transport Equation 3.10 with the integration of the conservation of 
momentum Equation 3.4 and Energy Equation 3.6. 
3.1.1.5 Chemical Kinetics 
In the ALD process, the laminar finite-rate method was adopted, as the gas flow is revealed to 
be laminar flow to couple the surface reaction with species transport. The influence due to 
turbulent fluctuation is negligible and the Arrhenius expression defines the finite reaction rates 
in the laminar finite-rate model. In the modelling reactions associated along with the species 
transport, the species i  production rate by chemical reaction, iR  in Equation 3.10 is calculated 
via the laminar finite-rate model using Arrhenius expression. The net source of chemical 
species i  due to the reaction is computed as the sum of the Arrhenius reaction sources over the 
RN  reactions that the species participate in (Fluent, 2017): 
  ,,
1
RN
i ri w i
i
R M R
=
= ∑   3.13 
where  ,i rR  is the Arrhenius molar rate of creation or destruction of species i  in the reaction r  
Reaction can take place in continuous phase at the surfaces. The thr  reaction may as well be 
written in the general form as shown (Fluent, 2017): 
 
,
,
' "
, ,
1 1
f r
b r
N Nk
i r i i r ik
i i
v v
= =
Μ Μ∑ ∑  3.14 
where ',i rv  is the stoichiometric coefficient for reactants i  in reaction r , 
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"
,i rv  is the stoichiometric coefficient for reactants i  in reaction r , 
iΜ  is the symbol denoting species i , 
,f rk is the forward rate constant for reaction r , 
,b rk is the backward rate constant for reaction r . 
The molar rate of reaction r  of species i , ,i rR  is defined as (Fluent, 2017): 
 ( )
' "
, ,
" '
, , , , , , ,
1 1
j r j rvN N
i r i r i r f r j r b r j r
j j
R v v k C k C
η
= =
 
    = Γ − −    
 
∏ ∏   3.15 
where ,j rC  is the species j  molar concentration in reaction r , 
'
,j rη  is the reactant species j  rate exponent. 
Note the reverse reaction rate exponent is stoichiometric coefficient of product species ' ,j rv . 
The third bodies net effect of the reaction rate, Γ  is termed as (Fluent, 2017): 
 ,
N
j r j
j
CγΓ =∑  3.16  
where ,j rγ  is the species j . 
The ALD process involves two types of reactions which are gas-phase and surface reaction. In 
the gas-phase reactions, the rate of reaction is expressed based on volumetric capacity, and the 
creation and destruction rate of chemical species turn out to be the source term in the 
conservation of species equations. While in the surface reactions, the adsorption and desorption 
rate is guided by both chemical kinetics and diffusion to and from the surface. 
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The thr  irreversible surface reaction general form in the ALD process can be given as (Fluent, 
2017): 
,' ' ' '' '' ''
, , , , , ,
1 1 1 1 1 1
g gb s b s
f r
N NN N N N
K
i r i i r i i r i i r i i r i i r i
i i i i i i
g G b B s S g G b B s S
= = = = = =
+ + + +∑ ∑ ∑ ∑ ∑ ∑  3.17  
where G , B and S denote gaseous, bulk or solid and surface species respectively, 
gN , bN and sN  are the total number of the corresponding gaseous, bulk and surface species, 
'
,i rg , 
'
,i rb  and 
'
,i rs  are the stoichiometric coefficients for each reactant species i , 
 ",i rg , 
"
,i rb and 
"
,i rs  are the stoichiometric coefficients for each product species i , 
,f rk  is the overall forward rate constant for reaction r . 
The rate constant of surface reaction is defined in relation to sticking coefficient is given as 
(Fluent, 2017): 
 2f msite w
RTk
M
γ
ρ π
=  3.18 
where T  is the temperature of substrate, 
wM  is the molecular weight of gaseous reactant, 
siteρ  is the site density, 
m is the summation of surface species reactants stoichiometric coefficients,
8 22.72 10site Kgmol mρ
−
= ×  is used in all surface reactions in this study. 
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The molar reaction rate of thr  irreversible surface reaction, rR  for is calculated as (Fluent, 
2017): 
 [ ] [ ]
' "' "
, , , ,, , , ,
, ,
1 1 1 1
i g r i g rj s r j s rg gs sN NN N
r f r i j b r i j
i j i jwall wallwall wall
R k C S k C S
η ηη η
= = = =
      
         = −         
      
∏ ∏ ∏ ∏   3.19 
where  [ ]wall  represent molar concentrations of surface-adsorbed on wall surfaces, 
'
, ,i g rη  is the rate exponent for the thi  gaseous species as a reactant in the thr  surface reaction, 
'
, ,j s rη  is the rate exponent for the 
thj  site species as a reactant in the thr  surface reaction, 
The bulk species are not included because the reaction rate is independent of bulk species.  
The net molar rate of production or consumption of each species is given by (Fluent, 2017): 
  ( )" ', , ,
1
1,2,3,...,
gN
i g i r i r r g
r
R g g R i N
=
= − =∑  3.20 
  ( )" ', , ,
1
1, 2,3,...,
bN
i b i r i r r b
r
R b b R i N
=
= − =∑  3.21 
  ( )" ', , ,
1
1, 2,3,...,
sN
i s i r i r r s
r
R s s R i N
=
= − =∑  3.22 
where RN  represents the total number of surface reactions in an ALD process. 
By substituting Eqs. 3.20, 3.21, and 3.22 into Eq. 3.13, the production (or destruction) rate of 
species i , rR  in Eq. 3.10 can be evaluated. 
The thr  reaction forward rate constant, ,f rk  is sorted out by applying the Arrhenius expression 
(Fluent, 2017): 
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RT
f r rk A T e
β
−
=  3.23 
where rA  is the pre-exponential factor, 
rβ  is the temperature exponent, 
rE  is the reaction activation energy r  
Backward rate constants of the thr  reaction, ,b rk  is determined through the reaction 
equilibrium constant respectively as shown here (Fluent, 2017): 
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Where rk  is the thr  reaction equilibrium constant and it is given as (Fluent, 2017): 
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where atmP  symbolizes atmospheric pressure (101325 Pa) 
typesN  denotes the number of site types 
( )s kρ denotes the site type k  site density 
'
,i rv  and 
"
,i rv  is the k  type thj  site species stoichiometric coefficient for in reaction r . 
where (Fluent, 2017): 
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where iH  and iS  are the enthalpy and entropy of the thi  gaseous species at the temperature T  
and atmospheric pressure. 
The backward rate constant ,b rk  can as well be illustrated in relation to the parameters of 
reversible reaction rate as (Fluent, 2017): 
 
,
,
, ,
b r
b r
E
RT
b r b rk A T e
β
−
=  3.28 
where ,b rA  is the backward reaction pre-exponential factor, 
,b rβ  is the backward reaction temperature exponent, 
,b rE  is the backward reaction activation energy. 
3.1.2 Substrate Boundary Conditions 
The existence of the surfaces influence gas-phase, surface-adsorbed (site) and bulk species 
reactions. On reacting surfaces, the mass flux of each gas species due to diffusion and 
convection to/from the surface is balanced with its rate of consumption/production on the 
surface (Fluent, 2017): 
 
,
,, , 1, 2,3,...,
i wall
dep i gaswall i i wall w i g
Y
D M Y M R i N
n
ρ
•∂
− = =
∂
  3.29 
 
[ ]
 , 1, 2,3,...,i wall i site s
S
R i N
t
∂
= =
∂  3.30 
depM
•
  is the net rate of mass deposition. 
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The wall mass fraction ,i wallY   is interrelated to concentration through (Fluent, 2017): 
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Where the mass deposition rate on the substrate surface due to the surface reaction is computed 
as expressed below (Fluent, 2017): 
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[ ]i wallS  is the site species concentration at the , and can be defined as (Fluent, 2017): 
 [ ]i site iwallS Zρ=  3.33 
Where  iZ  is the site coverage of species i  and 
1
1i
i
z
=
=∑  where the summation is over all 
the surface species comprising *O , *3 2( )Al CH  and 3 3( ) ( )Al CH OAl CH . 
3.1.3 Non-Reacting Wall Boundary Conditions 
At the non-reacting inner walls in the reactor, no-slip and no-flux of mass boundary conditions 
are assumed while the temperature of the wall is maintained as the same as the substrate to 
ensure isothermal process. 
3.1.4 Species Transport and Thermal Properties 
The species thermal and transport coefficients properties are illustrated as temperature-
dependent variables as a result of substantial differences in the temperature within the ALD 
reactor. 
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3.1.4.1 Thermodynamics Properties of Gaseous Species 
The thi  gaseous species heat of formation, specific heat and entropy are realized from the 
temperature-dependent polynomial functions in CHEMKIN PRO in the following formulas 
(Fluent, 2017): 
 2 3 4, 1, 2, 3, 4, 5,p i i i i i iC a a T a T a T a T= + + + +  3.34 
 2, 3, 4, 5,0 2 3 4 51, 6,2 3 4 5
i i i i
i i i
a a a a
H a T T T T T a= + + + + +  3.35 
  
3, 4, 5,0 2 3 4
1, 2, 7,ln( ) 2 3 4
i i i
i i i i
a a a
S a T a T T T T a= + + + + +              3.36 
3.1.4.2 Transport Properties of Gaseous Species 
The thi  species thermal diffusion coefficient is evaluated from the empirically-based 
composition-dependent, polynomial functions or constant expression provided in ANSYS 
FLUENT user guide as written (Fluent, 2017): 
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where iX  and jX  are the species i  and j  mole fractions respectively 
Using the correlations in gas kinetic theory, the binary diffusivity, viscosity and thermal 
conductivity of the species are derived as following. 
The binary diffusivity ijD  is given as (Fluent, 2017):   
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Where absP denotes the absolute pressure, 
DΩ  denotes the diffusion collision integral, 
DΩ  quantifies the molecules relation in the process and it is noted to be a function of 
dimensionless temperature, *DT . 
*
DT  can however be written as (Fluent, 2017): 
 
B
D
ij
k TT ∗ =
   3.39 
Bk  denotes the Boltzmann constant and is termed as the ratio of gas constant to the avogadro’s 
number. The   is the Lennard-Jones energy parameter and the mixture ij  is the geometric 
average of the i  and j  of species i  and j  respectively given as  (Fluent, 2017): 
 ij i j=     3.40 
While in binary mixture, ijσ  is Lennard-Jones collision diameter and computed as the 
arithmetic average of iσ  and jσ  of species i  and j  respectively as follows (Fluent, 2017): 
 ( )12ij i jσ σ σ= +   3.41 
with the binary diffusivity unit as 2 /m s  when absP , T and ijσ  units are atm, K and m
respectively. 
Viscosity of the thi  species, µ is expressed as (Fluent, 2017): 
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Where µ  unit is in /kg ms . 
µΩ  is given as (Fluent, 2017): 
 ( )Tµ µ ∗Ω = Ω   3.43 
where 
 
B
i
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Thermal conductivity of the thi  species, k  is computed as equation (Fluent, 2017): 
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                            3.45 
To use the kinetic theory correlations, the Lennard-Jones parameters as required for each 
species are obtained from the transport data in (CHEMKIN-PRO, 2013) and listed in Table 
3.1. 
Table 3.1: The gaseous species molecular weights and Lennard-Jones parameters provided 
from (CHEMKIN-PRO, 2017). 
Species Wi  (kg/kmol)  i (Angstrom) i  / KB(K) 
TMA 72.086 5.3 471 
Ar 39.948 3.33 136.5 
O 15.999 2.75 80 
O2 31.999 3.458 107.4 
O3 47.998 4.1 180 
C2H6 30.070 4.302 252.3 
3.1.4.3 Mixture Properties 
The viscosity of the mixture is presented based on gas kinetic theory as (Fluent, 2017): 
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The thermal conductivity of the mixture is given based on gas kinetic theory as (Fluent, 2017): 
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where ijφ  expressed as (Fluent, 2017) 
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3.1.5 Growth Rate 
Thus, for this study, the growth rate at each investigated point on the substrate is computed 
from a collection of transient data. The growth rate is given as the ratio of the mass deposition 
rate to the density of the deposited film and expressed in the following form as: 
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3.1.6 Surface reaction Mechanism 
The reaction mechanism adopted was designed using the CHEMKIN-PRO software package. 
This mechanism involves three irreversible surface reactions and two reversible gas-phase 
reactions as follows: 
Table 3.2: ALD Chemical reactions and properties (Coetzee and Jen, 2018, Shaeri, 2014). 
Phas Chemical Reaction Formula Properties 
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e 
S1 * *3 3 3 2 2 6( ) ( ) 0.5f
kAl CH O Al CH C H+ → +  0.1γ =  
G1 3 2( 1) f
b
k
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G O M O O M→+ + +←  9 34.51 10 . , 0, 100416 /A m mol s E J molβ= × = =  
G2 3 22f
b
k
k
O O O→+ ←  7 32.96 10 . , 0, 25104 /A m mol s E J molβ= × = =  
S2 * *3 2 3 3 2 62 ( ) ( ) ( )f
kAl CH O Al CH OAl CH C H+ → +  1.0γ =  
S3 *3 3 2 6 2 30.5 ( ) ( ) 0.5 0.5( )f
k BAl CH OAl CH O O C H Al O+ → + +  1.0γ =  
Where * and B superscripts represent surface and bulk species respectively while other 
elements are gaseous species. 
3.2 Numerical Procedure 
The CFD process exploited in this study is demonstrated in Figure 3.1. 
The two-dimensional top-to-bottom and side-to-side inflow type arbitrary reactors are designed 
to demonstrate the simulation of ALD of Al2O3 on substrate trench where the deposition 
process on and within the micro-trenches with aspect ratio of 2:1 is investigated. In the CFD 
process, the geometry design involves the design of arbitrary ALD reactors as illustrated in 
Figure 3.2a and 3.3a. Thereafter, the designed geometry is sliced up into different bodies to 
tolerate more control during meshing. The sliced geometry is then meshed into 67023 nodes 
respectively as shown in Figure 3.2b and 3.3b. A model is set up with the necessary physics 
and chemistry using the mesh and subsequently simulated. Finally, the data obtained from the 
simulation is then analysed. However, the investigated models are set up differently with some 
combination of parameters such as operating pressure and exposure time. 
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Figure 3.1: The basic CFD process. 
 
Figure 3.2: Designed Top-to-bottom flow type arbitrary reactor (a): Geometry, (b): Mesh. 
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Note that the detailed drawing of the designed reactor is available at the appendix (page 108). 
3.3 General Sequence 
The following steps, TMA-Ar-O3-Ar illustrates the schematic sequence adopted for the study 
on ALD process using an arbitrary reactor in Figure 3.2. The ALD recipe details are given in 
Table 3.3. Even distribution of the precursors and purging gas over the inlet and full 
development is acknowledged before reaching the substrate and the reactive trenched surface. 
Hence, pre-purge is implemented to achieve initial convergencce value before the process 
begins. At this point, the Ar is introduced into the reactor domain to pre-purge at 0.17ms-1 for 
one second after which the injection of TMA (first precursor) is activated with inlet velocity of 
0.085 ms-1 and allowed to flow through for 0.2 sec. The reactor domain is subsequently purged 
of residuals with Ar for five sec with a flow velocity of 0.17 ms-1. The pulsing of the second 
precursor (O3) is thereafter actuated to flow for one second at the velocity of 0.085 ms-1, and 
the purging of the reactor commences to remove excess residuals for another five sec at the 
velocity of 0.17 ms-1. The pulsing-purging-pulsing-purging steps described above complete an 
ALD cycle. It is nevertheless a requisite to generate user-defined function (UDF) to guide the 
simulation following the desired sequence of the ALD process. 
3.3.1 Case Study 1: The Influence of Exposure Time in an ALD Process over Micro-
Trenches 
In this study, the general procedure is adopted, and the exposure time sequence is incorporated 
in the ALD recipe as expressed in Table 3.3. With this modification in the recipe, the influence 
of exposure times in an ALD process over micro-trenched substrate is investigate. A zero, 2.5- 
and five-seconds exposure time are comparatively used in this investigation. 
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3.3.2 Case Study 2: The Exposure Time Influence on ALD Process with Operating 
Pressure over Micro-Trenched Substrate 
This case study as well utilizes the general procedure with the integration of an exposure time 
into the ALD recipe as illustrated in the Table 3.3. The influence of exposure time in an ALD 
process over micro trenched substrate is investigated with different operating pressure. A 2.5 
seconds exposure time is applied in model setup with operating pressures of one and 10 Torr. 
Shown in Table 3.3 is the detailed recipe of the ALD cycle utilized in this study. 
Table 3.3: The applied ALD recipe for the top-to-bottom flow type reactor. 
3.4 Solution Method 
The partial differential equations (PDEs) are resolved numerically on well-defined nodes of 
the mesh domain. The computational fluid dynamics (CFD) is applied in this study in which 
the finite volume method (FVM) is employed to simulate the process numerically with the 
mass, momentum, energy and species transport discretized temporally and spatially using first-
order implicit and second-order upwind respectively. The transport equation source term is 
linearised while coupled algorithm solver is used to solve the pressure-velocity components for 
transient flow. The solutions are considered converged if the residual values of continuity, 
velocity and temperature are below 1 x 10-5 and gaseous species values should be less 1 x 10-4 
at each time step with 5 x 10-5seconds time step size. 
Gases Injection time (Sec) Vel (m/s) Sequence 
Argon 0.2 0.17 Pre-Purge 
Exposure 0 2.5 5 0 Wait 
TMA 0.2 0.085 Pulse 
Exposure 0 2.5 5 0 Wait 
Argon 5 0.17 Purge 
Exposure 0 2.5 5 0 Wait 
Ozone 1 0.085 Pulse 
Exposure 0 2.5 5 0 Wait 
Argon 5 0.17 Purge 
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ANSYS FLUENT 19.0 is used to solve the transport equations. An advance chemistry solver, 
CHEMKIN-PRO is used to simulate the chemistry and integrated into the designed model. A 
user-defined function (UDF) is computed and uploaded into FLUENT to guide the change of 
inlet boundary conditions for each step of every ALD cycle. 
3.5 Solver Theory 
ANSYS Fluent is capable of performing two numerical methods which are pressure and 
density-based solver. From inception, the pressure-based methodology is described to be 
applicable for low incompressible flows while the density-based methodology is designed for 
use where high-speed compressible flows is present. However, the capacity of two approach 
have recently been enhanced and extended to solve and function in variety of flow 
circumstances. Both methods use the momentum equation to determine the velocity field. The 
density-based method uses the continuity equation to find the density field and pressure fields 
is defined from the equation of state. The pressure-based solver on the other hand obtains the 
pressure fields via pressure or pressure correction equation through the manipulation of 
continuity and momentum equations. Through either of the methods, ANSYS Fluent resolves 
the governing integral equations for the mass and momentum conservation, energy and species 
transport as in the case of this study. Both methods use a control-volume-based procedure 
which includes the use of computational grid to divide the domain into distinct control volumes, 
the construction of algebraic equations for the distinct dependent variables for instance 
pressure, temperature, velocity etcetera by integration of the governing equations on the 
discrete control volumes, and lastly, linearizing the discretized equations and solving the 
resultant linear equation to generate the revised dependent variables. Similar discretization 
approach of finite-volume is utilized in both pressure and density-based methods while the 
linearization and solution of the discretized equation are dissimilar. 
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Pressure-based solver is used in this research. The pressure-based solver uses an algorithm 
which falls in a general category of methods referred to as projection method. The constraint 
of mass continuity of the velocity field is obtained through the solution of the pressure or 
pressure correction equation. The two pressure-based solver algorithms are present on ANSYS 
Fluent and they are the segregated and coupled algorithms. This algorithm involves the solution 
in which the pressure-based continuity and momentum equation coupled and solved 
simultaneously then solve along with the other governing equations sequentially. Unlike in the 
pressure-based coupled algorithm, all the governing equations are solved sequentially in a 
decoupled manner in the pressure-based segregated. The Figure 3.3 illustrates the algorithm 
used for this study. 
 
Figure 3.3: The Pressure-based coupled algorithm flowchart (Fluent, 2017) 
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Chapter 4  
RESULT AND DISCUSSION 
4 Introduction 
In this chapter, convergence and experimental test validations are presented to verify the 
accuracy of this study while the data from the simulations are analysed and the observations 
during the analysis are reported as related to the velocity flow, surface coverage, mass fraction, 
deposition rate and growth. 
The conformal thickness, growth, deposition rate and mass fractions of the reactive precursors 
are extracted from the points located at the top, middle, and bottom of the trenches, as seen in 
Figure 4.1. 
 
Figure 4.1: The investigated points on the surface of the substrate trenches. 
4.1 Convergence and Experimental Test Validation 
A grid convergence test was done to validate the accuracy of this study using a mesh with 
103746 computational nodes. Figure 4.2 illustrates the deposition rate at point I and K of the 
trench 3 where a negligible change in peak deposition rate is observe at both points. This 
indicates that the number of cells and nodes does not influence the accuracy of this study. 
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Figure 4.2: Deposition rate of the bottom (K) and top (I) surface at trench 3. 
The accuracy of this research is validated using the findings in the experimental study by Li et 
al. (2007) using TMA and O3 as the metal and oxidation source precursor, the authors in the 
study deposited Al2O3 on patterned substrate with temperature of 320 oC and process pressure 
of 1 torr. A growth rate of 0.96 Å/cycle at the process conditions was achieved which is similar 
to the growth rate ranging from 0.56-0.92 Å/cycle realized in this research considering it was 
deposited at lower substrate temperature of 250 oC. To further validate the accuracy of findings 
in this investigation, the growth rate is compared with the experimental research by Sirviö 
(2014). Al2O3 was deposited on porous substrate at the temperature of 220 oC using TMA and 
O3 as the aluminum and oxidation source. The achieved growth rate of 0.84 Å/cycle was found 
to fall within the growth rate range of 0.56-0.92 Å/cycle in this research. The results show close 
similarity and excellent agreement which corroborates the acceptable accuracy of the numerical 
study. 
4.2 Case Study 1: The Influence of Exposure Time in an ALD Process over Micro-
Trenches. 
The approach to this case study can be found in subsection 3.3.1 of chapter three. 
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4.2.1 Velocity Flow 
An ALD process requires time, heat, and enough concentration of the reactive precursor to 
allow a thin film to be deposited. A continuous and even distribution of these parameters can 
lead to more uniform and conformal films. However, the geometrical shape of the reactor, 
including the substrate position and topology, such as trench, can limit the transportation of the 
required precursors. In the case of the study of two-dimensional reactor, Figure 4.3 shows the 
velocity flow contours along with the flow streamlines from the top inlet to the bottom outlet. 
It can be clearly seen that the substrate will obtain a stagnation flow around midway of the 
substrate as the gas hydraulic main flow boundary suppresses to the flow around the substrate 
due to the flow flowing through the narrower section at the corner of the substrate. This causes 
the velocity to increase at the edges of the substrate and even more during purging sequence 
compared to pulsing sequence considering that the inlet velocity differs in both sequences. 
Additionally, the existence of the substrate deflects the flow away from its vertical path. This 
dynamic flow behaviour results in the deceleration of available reactive precursor supplies to 
the substrate and internal trenches. Thus, by so doing, affect the ALD capability to react 
uniformly over the substrate. This phenomenon can be seen in both the TMA and O3 pulsing 
and purging sequence. 
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Figure 4.3: The velocity flow contours with velocity streamline at the end of (a): TMA pulse, 
(b): O3 pulse and (c): purge. 
These flow behaviours described in Figure 4.3 also affect the flow close to the reactive surface 
and the penetration into the trenches along the substrate as seen in Figure 4.4. Here the flow at 
the trenches near the edge (trench 1), trench 2, and middle of the substrate (trench 3) are 
illustrated. For both purging and pulsing sequences, these trenches clearly reveal that the 
dynamic flow slowed down at the stagnation midway point and is increasing as the flow moves 
to the edge. This also changes the flow direction. Although the dynamic flow has been slow 
down close to the surface of the substrate due to the existence of the boundary layer, it can be 
seen that this slower velocity along with diffusion induced velocity does reach and influence 
the flow more within the trenches. Due to the greatly decelerated velocity near the surface of 
the substrate, the flow penetrating deep within the trenches would be mostly dominated by 
diffusion control of numerous gases. 
Due to the diffusion of the gases, which is primarily slow, additional time may be required to 
effectively purge the substances out and away from the required thin film. Nonetheless, this 
statement also requires that enough time must be given to the reactive precursors to reach and 
(a) (c) (e)
Flow velocity contour and streamlines at end 
of TMA pulse for 1 Torr
Flow velocity contour and streamlines at end 
of purge for 1 Torr
Flow velocity contour and streamlines at end 
of O3 pulse for 1 Torr
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have enough concentration and time to react to allowing the thin film deposition process. Thus, 
the study introduces the need for exposure time between the ALD sequences. 
 
Figure 4.4: The velocity contours and vectors close to the substrate trench 1(close to the 
edge), trench 2, and trench 3 (midway of the substrate). 
4.2.2 Surface Coverage 
The substrate surface coverage of reactive species, being AlMe2 or O, is demonstrated in Figure 
4.5. It is seen that for zero, 2.5- and 5-seconds’ exposure time that AlMe2 is covering the surface 
between 94.74-100% at the end of the TMA pulse. As such, it does not rely on the exposure, 
nor the purging sequence to continue the heterogeneous reaction. Moreover, the only focus on 
purging sequence is purely the removal of excess reactants and emissions. 
The speedy saturation could be attributed to the densest nature of TMA which possibly could 
be an influential parameter in the swift flow of sufficient TMA species to reach the substrate 
surface and sufficient temperature to active the species and sites for instantaneous surface 
(c)
Flow velocity streamlines at end of purge 
for 1 Torr
Flow velocity streamlines at end of O3
pulse for 1 Torr
(a) (b)
Flow velocity streamlines at end of TMA 
pulse for 1 Torr
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reaction. Though, there seems to be enough reactive sites on the absorbed layer, the O-atom 
surface coverage in the zero second exposure demonstrates a maximum of about 6.64% surface 
saturation at the end of the pulsing sequence within the trenches. Likewise, the peak coverage 
is about 22.17% O-atom surface coverage at the edge of the substrate as shown in Figure 4.6 
(a). This zero exposure rests entirely on the purging sequence to allow further coverage of the 
species to occur. However, after the 5 second purge a peak 70.9% was obtained at the substrate 
edge. It’s seen in Figure 4.6 (d) that little coverage has been accomplished within and around 
the trenches. Leaving defects and low probability of film fabrication on the surface for the next 
ALD cycle to occur. 
Meanwhile, in Figure 4.6 (b) and (c), the 2.5 seconds’ exposure time shows close to uniform 
coverage with 98.89-99.30% surface coverage of O-atoms and 98.90-99.32% O-atom coverage 
with 5 seconds’ exposure time respectively. With 0.02% difference in the maximum coverage 
with 2.5 seconds and 5 seconds’ exposure time. Close to 100% coverage was achieved at the 
end of the second purge in both case of 2.5- and five-seconds exposure time as illustrated in 
Figure 4.6 (e) and (f). The high surface saturation can thus be related to the exposure sequence 
at which enough time was allocated for the surface reaction to occur due to the availability of 
the reactive reactants. At this point, diffusion plays a major role in the flow pattern and might 
as well be responsible for the gradual flow of the gases towards reactive sites to instigate further 
reactions. 
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Figure 4.5: Reactive substrate surface coverage of AlMe2 after pulse (a): Zero, (b): 2.5 and 
(c): Five seconds exposure times. 
AlMe2 Surface Coverage at end of pulse
AlMe2 Surface Coverage at end of pulse
AlMe2 Surface Coverage at end of pulse
(a)
(b)
(c)
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Figure 4.6: The surface coverage on the reactive substrate (a): O-atom after O3 pulse 
sequence (Zero exposure time),  (b): 2.5 seconds at end of exposure time, (c): Five seconds at 
end of exposure time, (d): O-atom after second purge sequence (Zero exposure time), (e): O-
atom after second purging sequence (2.5 exposure time) and (f): O-atom after second purging 
sequence (Five exposure time). 
4.2.3 Mass Fraction 
It is of interest to measure the percentage of reactive precursors at each point of interest. This 
identifies within time, the abundance, or lack thereof, for the reaction to occur. After a pre-
purge of 0.2-second with the inert gas Argon, TMA is injected to flow over the substrate 
trenches. Figure 4.7 illustrates the percentage of mass fraction on the top surface of the 
substrate and within the trenches.  The TMA reaches the surface of the substrate at a time 
dependent on the tested exposure time of zero, 2.5 and 5 seconds. It can be seen that the mass 
O Surface Coverage at end of exposure time
O Surface Coverage at end of exposure time
(a)
(b)
O Surface Coverage at end of purge 2
O Surface Coverage at end of purge 2
O Surface Coverage at end of purge 2
(d)
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fraction follows nearly the same trend at all the observed points at the substrate surface and 
this may be related to the small aspect ratio of the trenches. 
The peak at a maximum of about 26% TMA mass fraction was realized at all three scenarios 
in all trenches. There is little or no noticeable difference in the peak points between the TMA 
mass fractions at a particular exposure time in the trenches, respectively. However, perceptible 
changes with the exposure times were observed in the mass fraction as the exposure times 
introduced a linear decent of available mass fraction of the reactive points. This linear 
behaviour is due to purely diffusion of the mass species instead of mass convection. This 
introduced behaviour allows extended reaction times to the sites with a high quantity of reactive 
precursors are still available. After the extension, the purging process purged the excess back 
to zero percentages. During this process, mass convection dominates the mass species 
transport, thus an exponential decay of the mass species concentration is observed. At this point 
it can be suggested that the total depletion of TMA was purged away from the available reactive 
site. 
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Figure 4.7: TMA Mass fractions for trench 1, 2, 3 at the top, middle and bottom points within 
zero, 2.5 seconds, and 5 seconds exposure time. 
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Within the O3 sequences an average maximum of about 38% mass fraction is attained at all 
observed substrate surface points as indicated in Figure 4.8. Likewise, during the exposure time 
right after 1-second O3 pulsing, there is no observable change in the mass fraction peaks of O3 
at different points of the trenches with respect to the exposure times. Similarly, to TMA 
sequence, the exposure time introduces a slow linear decline of available precursor to allow 
reactions to occur fully with enough time and sufficient amount of reactant. 
Though, there is an obvious change during comparison of exposure time at a particular trench 
as the gradient of this linear decline is much less than the TMA sequence due to the difference 
in the diffusion time (exposure time). The linear decline gradient of the precursors differs 
because the TMA reaction with the reactive site is faster and used up more than the O-atom 
reaction with the absorbed layer. The linear decline in the five seconds exposure time drops a 
little lower than in the 2.5 seconds following the difference in the exposure time. The decent 
after the exposure time resumes the similar trend as the purge commences at the same inlet 
velocity. This is a favourable phenomenon for the oxidation cycle as it allows the longer 
extended reaction to favourably occur. Similarly, the mass fraction is shown to depreciate 
within the purging sequence. 
However, contrary to TMA, it is detected from Figure 4.8 that approximately 2.5% mass 
fraction of O3 remains on the reactive surface after the purging sequence. This is an indication 
that more purge time should be allowed for the second purge as the possibility of a homogenous 
reaction can occur within the next ALD cycle. This may lead to unwanted defects and bad 
quality film fabrication. Within the exposure time of a single cycle no intermixing of gases is 
seen. However, the zero exposure does reveal that a small percentage of TMA and an increasing 
percentage of O3 do intermix on these surfaces within the start of the O3 pulse. This, as 
previously mentioned, is an unfavourable scenario.  
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Figure 4.8: O3 Mass fractions for trench 1, 2, 3 at the top, middle and bottom points within 
zero, 2.5 seconds, and 5 seconds’ exposure time. 
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4.2.4 Deposition Rate, Growth and Conformal Analysis 
The deposition rate determines the rate the Al2O3 thin film deposited unto the substrate 
location. Figure 4.9 examines the trend of the deposition rate profiles for each trench. The 
trends are illustrated clearly for no exposure time, 2.5 seconds, and 5 seconds’ exposure time. 
By analysing the zero-exposure time, the deposition rate reaches the highest peak on the top 
surface of the trench and drops significantly within the trenches, resulting that little too close 
to non-deposition occurs at the bottom of the micro trench. In addition, the deposition rate rises 
as the dynamic velocity flow near the trench increases, resulting that the near edge trench to 
have the greatest deposition occurrence on the top and within the trenches among all trenches 
in the zero-exposure time. However, it is also seen deposition process occurs throughout the 
pulsing and purging period and does not reach a full self-limiting state. It is seen that the process 
of deposition is purely dependent on the purging time. Providing that the ALD recipe needs 
adjustments to make it more successful. This can be done by numerous methods, some being 
by increasing the dosage through increasing the velocity, time of the pulse, or time of purging. 
This might be unfavourable as the cost of substances, fabrication time, wasted substances, and 
harmful emissions will be increased.  
The introduction of exposure time where necessary into the ALD sequence could play a vital 
role in the cost and waste reduction during the process. For instance, introduction of exposure 
time sequence after TMA pulse is indicated to be unnecessary while there is strong hint that 
the oxidation of the absorbed layer is exposure time dependent in this research. By analysing 
the deposition rate phenomena, similarly to the zero-exposure time, significant improvements 
are seen in the trend. It is seen that exposure time for both 2.5 and 5 seconds allow the steep 
deposition gradients to smoothly peak and decrease to a self-limiting state. This is seen on the 
top of the substrate and within all the trenches. Similarly, the dynamic velocity influence is 
seen as trench 1 (close to the substrate edge) still shows the highest peaks of the deposition to 
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occur on top and within the trenches. However, the deviation of each peak point being the top 
surface, middle or bottom between the trenches is small. Illustrating that the exposure time 
allowed the reactive precursors to enter each trench and allowed deposition to occur 
conformably.   
Contradictory, to the prior zero exposure, it is seen that the deposition process occurs mostly 
within the set exposure time. This includes the deposition within the trenches. Leaving the 
purging sequence to only purge out the excess gas and emissions. This phenomenon is more 
closely seen as previously discussed within the surface coverage of O atoms on the surface 
reaction wall. Comparing the trends, the exposure times shows a more favourable result than 
that of not having it. This is seen as the deposition rates with exposure time introduced remain 
quite similar, not being dependent on the location of the trench. Contrary to which no exposure 
time suffers greatly to the location of the trench.  
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Figure 4.9: The Deposition Rate of in trench 1, 2 and 3 within zero, 2.5 seconds, and 5 
second exposure time. 
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The growth of the film along the time sequence within the 3 trenches of a single ALD process 
with and without exposure time is seen in Figure 4.10. It can be seen by analysing the trend of 
growth of no exposure that there is no indication of conformal film growth. Additionally, the 
film growth is small and decreasing within the trench and trench location towards the 
stagnation flow. The only indication of a good growth rate is at position A, which is close to 
the substrate edge. At point A with no exposure time, the film peaks at 1.08 Å. This has been 
in the expected region in relation to previous experimental works (Pan et al., 2015b, Pan et al., 
2015a). This reveals that at the stagnation flow trenches, almost no deposition of Al2O3 thin 
film occurred. The weak and no growth is as a result of low reactivity of the absorbed layer  
with O-atom within the trenches to have a low percentage of surface coverage of O-atom.  
In contrast to no exposure, allowing a period of exposure had drastically enhanced the growth 
at all points on top and within the trenches.  Examining both exposure times of this study the 
phenomena of film growth control is seen as the self-limiting effects is demonstrated in both 
cases. The self-limiting effect is seen as the growth of the film peaks and stays constant, waiting 
for the next cycle to occur. Similarly, to no exposure the growth at the edge is dominantly 
greater, reaching a growth peak of 1.1Å. Moreover, the film growth with exposure time within 
the trenches shows conformal growth patterns with a deviation between 0.59-0.9 Å. Within the 
trenches it is also seen that the bottom has the maximum peak growth. By increasing the 
exposure time, it is seen that the deviation of growth decreases implying a more overall 
conformal film being grown.  
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Figure 4.10: The Growth rates for trench 1, 2, 3 for top, middle and bottom points within 
zero, 2.5 seconds, and 5 seconds’ exposure time. 
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4.3 Case Study 2: The Exposure Time Influence on ALD Process with Operating 
Pressure over Micro-Trenched Substrate 
The approach to this case study is described in subsection 3.3.2 of chapter three. 
4.3.1 Velocity Flow 
The velocity among other parameters plays a vital role to achieving successful ALD process. 
A refined combination of flow behaviours and available precursor mass can result in conformal 
step and trench coverage. This section analyses the influence of the pressure on the species 
flow on and within the trenched substrate. From the overall velocity flow which are 
demonstrated in Figure 4.11, it is undoubtedly observed that the velocity flow reached from 
the stagnation flow increase towards the substrate edge. Hence, causing a bottleneck flow 
towards the substrate surface edges. Then the gases flow over the substrate non-reactive side 
walls to escape to a lesser pressure region nearing the outlet. At the bottleneck flow region, the 
velocity is seen to be substantially amplified. The velocity amplification, however, varies with 
the pulsing and purging period and this can be attributable to the gas pulsing and purging inlet 
velocity. 
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Figure 4.11: Velocity contour and streamlines at end of TMA pulse for (a): 1 Torr, (b): 10 Torr, 
at end of O3 pulse (c): 1 Torr, (d): 10 Torr, and at the end of purge (e): 1 Torr, (f): 10 Torr. 
Nevertheless, the interest of the flow phenomena lies near the substrate surface and the effects 
of the flow is subjected to the ability to penetrate into the trenches. Similar to the overall 
velocity flow pattern, the streamlines, illustrated in Figure 4.12, show the velocity increasing 
as it moves to the substrate edge away from the stagnant midpoint. The inlet flow causes a 
stagnant flow to penetrate trench 3 (midway). At this trench flow is subjected to direct 
penetration without a form of recirculation flow. As the flow is redirected towards the substrate 
edge, the other trenches (trench 1 & 2) is subjected to some form of recirculation flow region, 
typically seen within sudden volume expansion scenarios (Coetzee, 2019). This recirculation 
region size is increased as the velocity penetration into the trench is increased. At 10 torr the 
recirculation regions are of more pronounce than that of 1 torr. However, at lower pressure, the 
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mass fluid flow of TMA penetrates the trenches at a higher velocity. Contrary, the O3 reveals 
the opposite, as 10 torr velocity flow penetrates the trenches more than 1 torr system. This is 
significantly seen within the trench subjected to stagnation flow. This behaviour can be due to 
the density dependency of the mass species potential to penetrate or resist penetration in its 
transport phase in regards to the reaction process (Mousa et al., 2014, Coetzee, 2019). This 
phenomenon can have negative influences towards uniform thin film growth as the transport 
of the oxygen species is transported at a pace that can cause uneven surface reactions. A similar 
finding is reported by (Mousa et al., 2014). Purging is seen to create overwhelming 
recirculation zones when penetrating the trenches at a higher velocity than that of the pulsing 
sequences. However, the penetration into the trenches in the pulsing period is mostly diffusion 
dominant due to its lower inject velocity and shorter time. 
 
Figure 4.12: Velocity streamlines in trenches at end of TMA pulse for (a): 1 torr, (b): 10 torr, 
at end of O3 pulse (c): 1 torr, (d): 10 torr, and at the end of purging (e): 1 torr, (f): 10 torr. 
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4.3.2 Surface Coverage 
The AlMe2 and O substrate surface coverage at one and 10 torr after the TMA and O3 2.5 
seconds exposure time, and there inert-gas purging sequences, are illustrated in Figure 4.13 
and 4.14, respectively. Similarly, AlMe2 surface coverage is seen, for both cases, after the 2.5 
exposure time, and no change observed after the respective purging sequences with 1 and 10 
torr operating pressure.  Despite achieving full surface coverage at the end of the TMA pulsing 
in both cases, in which 99.98% coverage was realized at 0.02 seconds, the TMA pulsing 
sequence in 10 torr case happened to be more rapid than in 1 torr case. This further shows that 
the TMA coverage is entirely independent of the exposure time. Meaning that the pulsing time 
can drastically be reduced. The total satisfied TMA surface coverage signifies the readiness of 
the absorbed layer with abundant reactive site for the next sequence.  
The O-atom surface coverage in the one torr test is about 98.89-99.30% while in 10 Torr case 
after the allowed exposure time, it falls within 99.88-99.94% range. The maximum and 
minimum percentage variation of the one and 10 torr test respectively, is calculated to be 
0.58%. The top surface of the substrate is seen to experience the least surface coverage in 
respect to the internal trench walls, and the maximum coverage seen at the trench bottom 
surface. The highest coverage is seen on trench 3’s surface in the 10 torr test, while the contrary 
is identified in the 1 torr case.  These behaviours are believed to be dependent on the velocity 
flow of the mass substances of the precursors as shown previously in Figure 4.12. At the end 
of the second purging sequence, the O-atom surface coverage of 1 torr is lower than the 99.915-
99.919% O-atom coverage of 10 torr. Although a higher surface saturation, this might not mean 
a higher conformal end thin-film product.  At 10 torr a minimal surface coverage difference is 
observed at the end of the exposure time and that of the completion of the purge.  This 
occurrence can be emphasized to be a result of the near full surface coverage achieved within 
the exposure time. The rapid TMA and O-atom surface coverage is seen to be related to the 
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increase in pressure which translates to the favourable precursor species velocity to the 
substrate surface to allow reactions to occur. 
 
Figure 4.13: The surface coverage of AlMe2 at 1 and 10 torr after the first purge. 
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Figure 4.14: The surface coverage of O-atom at 1 and 10 torr after the second pulse exposure 
time and second purge. 
4.3.3 Mass Fraction 
In order to be able to evaluate the influence of pressure change in the ALD process, it is 
necessary to study the transient species mass fraction at specific location on the substrate 
surface. The TMA dosage increase drastically after the 0.2 second pre-purge sequence of inert-
gas Argon. The mass fraction of the TMA and O3 species at the points shown in Figure 4.1 is 
illustrated in Figure 4.15 and 4.16 respectively. It is seen that little change on mass fractions 
have been observed between the points of the selected top and bottom surface of the trenched 
points. Note that these points are chosen to study the mass fraction distribution during the ALD 
process. The mass fraction of TMA at all points are observed to peak at about 26% in the one 
torr operating pressure case. While, in the 10 torr test, a maximum of 76.3% TMA mass fraction 
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was reached. A difference of about 50.3% is realized between the peaks of both tests. The 
significant difference in the TMA mass fraction is that within the 10 torr case, an indication 
that more proportion of the TMA were delivered to the reactive points and in a shorter time 
duration. However, the TMA is rapidly removed from the reactive sites. This may be beneficial 
to avoid intermixing, but not if more time is necessary for the precursor to react as seen for the 
oxidation sequence. After TMA injection sequence was completed, the exposure sequence was 
introduced, and it is noticed in both scenarios that the exposure time introduction prompted a 
linear decrease of the mass fraction at all points. However, the mass fraction linear gradient in 
the 10 torr test is observed to be steeper than in the other. This behaviour confers prolonged 
reaction times for the surface reaction in the presence of high amount of the gaseous reactant. 
While the steeper linear decent signifies the rapid depletion of reactive TMA availability in the 
process. The exposure time appears to play a major role in the process as the AlMe2 half-
reaction takes place within the TMA pulsing-exposure sequence, and the purging is saddled 
solely with the responsibility of removing the excess reactants and by-products. It is observed 
that TMA purging was a lot faster in the 10 torr tests compared to the one torr test. This is due 
to the increased velocity induced by the higher operating pressure. 
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Figure 4.15: The TMA mass fraction over the trenched surface points subjected to 1 and 10 
torr operating conditions over time. 
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During the O3 pulsing sequence, about 38% mass fraction was realized at all the points 
operating at 1 torr, and about 92% mass fraction was achieved at 10 torr, respectively. These 
mass fraction over time is as indicated in Figure 4.16.  Similar to the observation during the 
TMA pulse and exposure sequence, the O3 pulse and exposure sequence show similar trends 
at each point over the trenched surface, respectively. More so, the exposure time is initiated 
after the O3 pulse, which happens to induce a linear decline of the O3 mass fraction. This is 
seen as favourable as it gives more reaction time for the O-atoms with the reactive absorbed 
layer by allowing the necessary quantity of the reactant to reach the surface. 
 In comparison of the mass fraction during the exposure window in both tests, the linear drop 
in mass fraction is discerning. However, the steep decline after the exposure time in the 10 Torr 
case is concerning. The rapid decline in the mass fraction within the O3 exposure time in the 
10 torr test is as a result of fast transport of the reactant momentum (within the exposure time) 
and purge velocity. This can be highlighted to be responsible for the velocity flow behavior 
seen in Figure 4.12. This allows less time for further film deposition to occur where needed 
and cause non-conformal growth.  
At the end of the cycle, the reactants and by-products are expected to be completely removed 
from the reactor and ready for the next cycle. From Figure 4.16, this is seen to be realized in 
the 10 torr. However, the one torr case shows approximately 2.5% of O3 on the surface at the 
end of the cycle. This observation indicates that high operating pressure has a beneficial 
influence on the process. The purging time is seen to be enough for the removal of excess 
reactant and by-product for the 10 torr case. Moreover, the purging time can be reduced to 
optimize the ALD cycle duration. Contrary, the one torr test displays that additional time is 
required to ensure no homogeneous interaction between reactive precursors. 
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Figure 4.16: The O3 mass fraction over the trenched surface points subjected to 1 and 10 torr 
operating conditions over time. 
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4.3.4 Deposition Rate, Growth and Conformal Growth 
The amount of Al2O3 film deposited onto the trenched substrate surface is subject to the 
deposition rate. The trend of deposition rates at the predefined locations of each trench is 
illustrated in Figure 4.17. The deposition rate trend of the 10 torr case is seen to be substantially 
greater with very steep acclivity to peak and declivity to self-inhibiting mode than the one torr 
case.  
During the 10 torr case, the deposition process takes place within the O3 pulsing (generally), 
and exposure duration. Contrary to the 10 torr test, within one torr case, the deposition process 
occurs within the pulse, exposure time and within the purging sequence. This behaviour can be 
related to the induced increase in reactive mass fractions by the higher operating pressure in 
the deposition process. During the overall deposition rate analysis, it is observed that deposition 
rate at point A on the top surface attain the maximum peak of 2.25 x 10-7 and 2.4 x 10-6 Kg/m2s 
on the investigated substrate trenches for the one and 10 torr operating pressure, respectively. 
There is clear significant rise between the maximum peaks. The authors neglected this trend as 
it is seen as redundant towards the trench conformal growth. The trench walls experience a 
higher deposition rate in comparison to the trench base in the 10 torr case. Furthermore, the 
walls show similar deposition rates between each trench respective parallel walls (being B and 
D, F and H, J and L, respectively). 
Although similar wall deposition rate, as seen in the 10 torr case, the 1 torr test shows a superior 
trench base deposition rate in respect to the other walls. Observing trench 2, the peaks of the 
deposition rate at point E shows superior and faster rate than that of point I. this is purely due 
to coordinal location within the reactor as point E is closer to the edge of the trenched substrate 
and is subjected to a higher velocity flow of reactive precursors. This increase of velocity gives 
a realization of the velocity also impacting the ALD deposition rate. Similar observation is seen 
within (Mousa et al., 2012). At trench 3, point I and M, shows close similarity to one another 
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as the deposition rate at both points overlapped precisely, this provides proof of symmetrical 
behaviour within the reactor from its midway point as point M is located on the opposite site 
of the symmetrical axis. 
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Figure 4.17: Transient deposition rate over the trenched substrate specified points at 250 °C 
with an operating pressure of 1 torr and 10 torr, respectively. 
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The transient film growth analysis of the ALD process along one cycle period on predefined 
locations of the trenches is illustrated in Figure 4.18. From close examination of the growth 
pattern, it can be observed that superior growth is achieved utilizing a 10 Torr case. Similar 
results from previous experimental literature can validate this scenario (Mousa et al., 2012, 
Mousa et al., 2014). Within this study, the prior parameters of mass fraction and surface 
coverage has resulted in the 10 torr case to have a much more dominant result than that of the 
1 torr case. By observation the growth can be estimated to have increased to more than twice 
between the two pressure cases, similarly, reported from previous experimental literature 
(Mousa et al., 2012, Mousa et al., 2014). In both cases a self-limiting state has been rapidly 
achieved.  The film growth attained climax at 11.9 Å at point A for the 10 torr case while it 
climaxes at 1.15 Å in 1 Torr test. In this case it is seen that the near-edged topology of the 
substrate will be influenced by excessive non-uniformity in respect to the remaining substrate. 
As such, future applications of ALD should avoid depositing end product film close to substrate 
platform edges in which effects such as bottles necking may occur. For this study purposes, 
these locations trends were purposely withheld.  
Although the 10 torr shows the superior growth, it can also be deduced that it also converts to 
inferior conformal growth than that of the 1 torr case. It is seen that from trench 1, 2 and 3, the 
conformal growth maximum difference (being wall-to-wall, bottom-to-wall, or bottom-to-
surface of the trenches) for the 1 torr case is between 0.141 Å, 0.296Å, and 0.356Å, 
respectively. In contrary the conformal maximum growth difference at 10 torr in a conformal 
difference of 0.284Å, 0.386Å, and 0.371Å, respectively. 
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Figure 4.18: Transient growth trend over the trenched substrate specified points at 250 °C 
with an operating pressure of 1 torr and 10 torr, respectively. 
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Chapter 5  
CONCLUSION AND RECOMMENDATION 
5 Introduction 
This chapter reveals the conclusion drawn from the reported findings during analysis. This 
conclusion is discussed based on how it correlates with the process, its advantages and 
improvement approach on the system. 
5.1 Conclusion 
5.1.1 Case Study 1: The Influence of Exposure Time in an ALD Process over Micro-
Trenches 
In the study, the introduction of zero, 2.5- and 5-second exposure time over a substrate with 
micro-trenches within ALD process is investigated. By utilizing a numerical method, the study 
investigates the velocity flow, surface coverage, mass fraction of reactive precursors, 
deposition rate, and the growth of a top-to-bottom inflow type arbitrary ALD reactor depositing 
of Al2O3 thin film. The process is executed using TMA and O3 precursors for pulsing and Ar 
for purging.  
It can be concluded that the fundamental necessity of the ALD process to occur is a cycle that 
has enough time between each sequence, heat, and concentration independent of the sequential 
steps. Moreover, the geometrical shape of the reactor and substrate with complex topologies, 
like trenches, can influence the quality of the thin-film process. The flow necessary to 
overcome these geometrical shapes and topologies hinders the process. It’s seen that flow over 
the trenches are influenced differently, depending on the location of the substrate. Although 
dominant diffusion-controlled flow is found within the trenches, the dynamic and diffusion-
controlled regions influence the overall coverage and growth of the thin film.  
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It has been found that AlMe2 does not rely on purging, nor exposure time to react fully to have 
a unity surface coverage. However, O3 relies deeply within the purging of zero exposure to 
react with the surface. It is seen that a maximum of 70.9% of O-atom surface coverage is 
obtained and decreasing within the trenches and trench location from the edge. Leaving defects 
and low probability of film deposition on the surface for the next ALD cycle to occur. On the 
contrary to zero exposure, the introduction of exposure time drastically enhanced the surface 
coverage of O-atom to near 100% on top and within the trenches. The coverage of O-atom is 
mostly obtained within the exposure time. A conclusive result revealing that the exposure time 
allocated enough time and substance to the sites to react in contrary to no exposure. 
The study reveals a peak average of 26 % TMA and 38% O3 mass fraction at the locations on 
top of the substrate and within the trenches throughout all 3 trenches. Only little change was 
seen between points of all the trenches, revealing conformal and related quantity of gases 
throughout trenches and exposure times, respectively. A linear decline is seen within exposure 
times. This is favourable as it allowed more time with higher quantity of precursor at the sites 
to react sufficiently. The total depletion of TMA was purged away from the available reactive 
site. However, an approximately 2.5% mass fraction of O3 remains on the reactive surface after 
the purging sequence. This is an indication that more purge time should be allowed for the 
second purge as the possibility of a homogenous reaction can occur within the next ALD cycle. 
This may lead to unwanted defects and bad quality film fabrication. Among the exposure times, 
the zero exposure does reveal that a small percentage of TMA and an increasing percentage of 
O3 do intermix on these surfaces within the start of the O3 pulse. This may lead to the 
unfavourable scenario as defects can be created in the film. 
At zero exposure time, the deposition rate reaches the highest peak on the top surface of the 
trench and drops significantly within the trenches, resulting that little too close to non-
deposition occurs at the bottom of the micro trench. The zero-exposure time does not reach a 
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full self-limiting state and is purely dependent on the purging time. By the introduction of 
exposure time, the deposition rates to remain quite similar, reach a self-limiting state, and 
shows less dependency on the location of the trench. Contrary to which no exposure time 
suffers greatly to the location of the trench. The deposition activity occurs fully within the 
exposure time. Leaving the purging sequence to only purge out the excess gas and emissions. 
In all the cases the deposition rate rises as the dynamic velocity flow increase towards the 
substrate edges, resulting in the near edge trench to have the greatest deposition occurrence on 
the top and within the trenches among all trenches. 
No exposure illustrated no indication of conformal growth on top or within the trenches. 
Additionally, the film growth is small and decreasing within the trench and trench location 
towards the stagnation flow. The weak and no growth is due to the fact that the surface has not 
fully reacted and caused numerous surfaces within the trenches to have a low percentage of 
surface coverage of O-atom. In the contrary, the introduction of a period of exposure time had 
drastically enhanced the growth at all points on top and within the trenches. The phenomenon 
of film growth control is seen as the self-limiting effect is demonstrated in both cases, reaching 
a growth peak of 1.1Å. The film growth with exposure time within the trenches shows 
conformal growth patterns with a deviation between 0.59-0.9 Å. These growth sizes are 
comparable to previous experimental findings. By increasing the exposure time, it is seen that 
the deviation of growth decreases implying a more overall conformal film being grown.  
Henceforward, the authors are confident the discoveries impact the future work in the 
endeavour to understand ALD process and formulate upgraded ALD recipes to optimize 
quality and productivity. 
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5.1.2 Case Study 2: The Exposure Time Influence on ALD Process with Operating 
Pressure over Micro-Trenched Substrate 
This study numerically investigates the introduction of 2.5 seconds exposure time in an Al2O3 
ALD process along with the change of operating pressures between one and 10 torr over micro-
trenched substrate in a top-to-bottom flow type arbitrary ALD reactor. Using TMA and O3 
reactants, Al2O3 thin film is deposited with Ar as the purging gas. The velocity flow, surface 
coverage, precursor mass fractions, deposition rate, and conformal growth are investigated.  
It is clearly observed that parameters such as temperature, pressure, precursor concentration, 
reactor geometry, sequence timing, substrate structure, play a vital role in a successful ALD 
process, and the combination of the parameters influences the deposition quality. In cases 
where deposition is required on surfaces of complex structures such as trenches and holes, the 
precursors are required to be transported to the targeted surface despite the interference the 
complexity it possesses. The gas flow is observed to be the key to resolving the issue. An 
alternating flow pattern with recirculation zones is noted in the tests. The flow into the trenches 
is dependent on the angle of penetration of the gases and trench position on the substrate. Two 
distinctive flow behaviour is seen to influence the deposition in the trenches. Velocity and 
diffusion-controlled flow both plays a role within the trenches. 
TMA’s half-reaction to the surface is revealed to be independent of both the exposure time and 
purging to fully cover the reactive surface. On the other hand, O3 shows more coverage is 
achieved in the presence of exposure time at higher pressure with maximum of 99.94%. The 
trenches appear to be evenly covered as a 0.58% surface coverage difference is observed in the 
compared tests. Higher pressure displays greater advantage over the mass fraction of the 
precursor in the process. 76.30% TMA and 92% O3 peak is realized with higher pressure at all 
positions on the trenched substrate. The pressure is revealed to have significant influence on 
the gas transport to reach the trench surface in a much shorter duration. By doing so, giving a 
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higher potential for the reactions to take place. The one torr case is found to be taking much 
longer for the gas to get to the trench surface. Moreover, an approximate of 2.5% O3 precursor 
gas is still lingering at the trenches after purging, which is an indication that extended purge 
time is required at the last purge of the cycle. This is mandatory to circumvent mixing of the 
chemical gases which can result in undesired deposition. In the 10 torr case, the growth is seen 
to sharply grow within a short window and reaches a self-limiting state just after the O3 pulse. 
The growth of the one torr test exhibit gradual development within O3 pulse and exposure time. 
Self-limiting state was attained within the exposure time. A superior conformal growth is 
revealed in the scenario within the lower operating pressure. Higher deposition rate may 
however be achieved with a higher operating pressure, but the conformal growth will be 
converted inferior to that of a lower operating pressure. 
5.2 Recommendation 
Further investigations into the ALD process over trenched substrate are recommended to give 
understanding beyond this present study. Such areas to be on a lookout for include: 
1. Temperature influence in exposure time introduced atomic layer deposition process 
over micro-trenches. 
2. The Al2O3 ALD process over micro-trenches using side-to-side inflow type of reactor. 
3. The ALD process over micro-trenches and through pores substrate with high aspect 
ratio. 
4. The deposition of platinum over micro-trenches. 
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ACRONYMS 
ALCVD Atomic layer chemical vapour deposition 
ALD Atomic Layer Deposition 
ALE Atomic Layer Epitaxy 
ALE Atomic layer evaporation 
ALG Atomic layer growth 
CFD Computational Fluid Dynamics 
CVD Chemical Vapour Deposition 
CHPC Centre for High-Performance Computing 
DLE Digital layer epitaxy 
DRAM Dynamic Random-Access Memory 
FDM Finite Difference Method 
FED Field Emission Displays FEM Finite Element Method FVM Finite Volume Method 
LCD Liquid crystal display 
LED Light Emitting Diode 
MEMS Microelectromechanical Systems 
ML Molecular Layering 
MLE Molecular Layer Epitaxy 
MOCVD Metal-organic Chemical Vapour Deposition 
MOSFET Metal-oxide-semiconductor-field-effect transistor 
MRAM Magnetic Random-Access Memory 
NEMS Nanoelectromechanical Systems 
NRF National Research Foundation 
PCVD Photo-assist Chemical Vapour Deposition 
PDEs Partial Differential Equations 
PEC Photoelectrochemical 
PECVD Plasma-enhanced Chemical Vapour Deposition 
PLD Pulsed Laser Deposition 
PVD Physical Vapour Deposition 
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SEM Spectral element method 
SRAM Static Random-Access Memory 
TACVD Thermally activated Chemical Vapour Deposition 
TFEL Thin Film Electroluminescent 
TFMHs Thin Film Magnetic Heads 
TCOs Transparent conductive oxides 
AlMe3/TM
A 
Trimethyl-Aluminum 
Al(CH3)3 Trimethyl-Aluminum 
Al(CH3)2 Dimethyl-Aluminum 
AlMe2 Dimethyl-Aluminum 
Al2O3 Aluminum oxide 
Ar Argon 
O Oxygen 
O3 Ozone 
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NOMENCLATURE 
𝐴𝐴𝑟𝑟   Pre-exponential factor (m3/mol.s) 
𝐵𝐵𝑖𝑖 Reactant bulk species 
𝐶𝐶𝑝𝑝  Specific heat (J/Kg.K) 
𝐶𝐶 Molar concentration 
𝑑𝑑 Smallest physical length scale (m) 
𝐷𝐷𝑇𝑇 Thermal diffusion coefficient (Kg/m.s) 
𝐷𝐷𝑖𝑖𝑖𝑖 Binary diffusion coefficient (m
2/s) 
𝐸𝐸  Activation energy (J/mol) 
𝐹𝐹 Body force 
𝑔𝑔 Gravitational body force (m/s
2) 
𝐺𝐺𝑖𝑖 Reactant gas species 
𝐺𝐺𝐺𝐺 Growth rate 
ℎ Sensible enthalpy (J/Kg) 
𝐻𝐻 Total enthalpy (J/mol) 
𝐻𝐻0 Standard state enthalpy (J/mol) 
𝐼𝐼 Unit tensor 
𝐽𝐽 Diffusion mass flux (Kg/m
2.s) 
𝑘𝑘𝑓𝑓  Forward rate constant (consistent units) 
𝑘𝑘𝑏𝑏  Backward rate constant (consistent units) 
𝐾𝐾𝐵𝐵 Boltzmann constant (J/K) 
𝐾𝐾𝑛𝑛 Knudsen number 
𝐾𝐾𝑟𝑟 Reaction equilibrium constant 
𝑘𝑘 Mixture thermal conductivity (W/m.K) 
𝑘𝑘� Species thermal conductivity (W/m.K) 
𝑘𝑘𝑒𝑒𝑓𝑓𝑓𝑓 Effective conductivity (W/m.K) 
?̇?𝑀𝑑𝑑𝑒𝑒𝑝𝑝 Mass deposition rate (Kg/m
2.s) 
𝑀𝑀 Molecular weight (Kg/mol) 
𝑁𝑁 Number of units 
𝑃𝑃𝑠𝑠𝑖𝑖𝑠𝑠𝑒𝑒 Site density (Kgmol/m
2) 
𝑃𝑃 Pressure (Pa or Torr) 
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𝑃𝑃𝑎𝑎𝑠𝑠𝑎𝑎 Atmospheric pressure (Pa) 
𝐺𝐺 Universal gas constant (J/mol.K) 
𝐺𝐺𝑖𝑖 Production rate 
𝐺𝐺𝑟𝑟 Net reaction rate (mol/m
2.s) 
𝑆𝑆ℎ Heat of chemical reaction (J) 
𝑆𝑆𝑖𝑖 Reactant site species 
𝑆𝑆𝑎𝑎 Source term 
𝑆𝑆 Total entropy (J/mol.K) 
𝑆𝑆0 Standard state entropy (J/mol.K) 
𝑌𝑌 Mass fraction 
𝑡𝑡 Time (s) 
𝑇𝑇 Temperature (K) 
𝑋𝑋 Mole fraction 
𝑍𝑍 Site coverage 
𝑏𝑏′ stoichiometric coefficient of reactant bulk species 
𝑏𝑏" stoichiometric coefficient of product bulk species 
𝑔𝑔′ stoichiometric coefficient of reactant gas species 
𝑔𝑔" stoichiometric coefficient of product gas species 
𝑠𝑠′ stoichiometric coefficient of reactant site species 
𝑠𝑠" stoichiometric coefficient of product site species 
𝛾𝛾 Third-body efficiency 
𝛽𝛽 Temperature exponent 
𝜇𝜇 Mixture kinetic viscosity 
?̅?𝜇 Species kinetic viscosity 
𝜌𝜌 Density 
𝑣𝑣 Velocity (m/s) 
?̃?𝜏 Stress tensor 
?̃?𝜏𝑒𝑒𝑓𝑓𝑓𝑓 Effective stress tensor 
ℇ Energy (J) 
Γ Third body net effect of reaction rate (mol/m
3) 
𝜂𝜂 Rate exponent 
Ω𝐷𝐷 Diffusion collision integral (Dimensionless) 
106 
 
Ω𝜇𝜇 Viscosity collision integral (Dimensionless) 
𝜖𝜖 Lennard-Jones energy parameter (J) 
Δ Change in variable 
𝜓𝜓′ Rate exponent of a surface species in a surface reaction 
𝜆𝜆 Gas mean-free path (m) 
𝜎𝜎 Lennard-Jones collision diameter (m) 
𝜎𝜎𝑐𝑐 Smallest collision diameter 
Subscript 
𝑖𝑖 Respect to the 𝑖𝑖𝑡𝑡ℎ species 
𝑗𝑗 Respect to the 𝑗𝑗𝑡𝑡ℎ species 
𝑟𝑟 Respect to the 𝑟𝑟𝑡𝑡ℎ reaction 
g Gaseous 
𝑏𝑏 Bulk 
𝑠𝑠 Surface 
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APPENDIX 
Detailed drawing of the reactor. 
 
Figure A: Detailed drawing of the top-to-bottom flow type arbitrary ALD reactor with the 
zoomed figure of the trenched substrate. 
Note: The dimensioning unit is Micrometer (µm). 
